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Adsorption cooling systems powered by waste heat or solar heat can help to reduce the use of 
ozone depletion substances, such as chlorofluorocarbons (CFCs) and hydro-
chlorofluorocarbons (HCFCs). In recent years, this system has witnessed an increasing 
interest in many fields due to the fact that this system is quiet, long lasting, cheap to maintain 
and environmental friendly. In this research work, a novel prototype of automobile adsorption 
air-conditioning system powered by exhaust heat has been successfully built and tested in 
laboratory. The working pair used is local produce palm-derived activated carbon and 
1. 
methanol, where activated carbons act as an adsorptive substance and methanol as refrigerant. 
This system consists of two adsorbers, a blower, evaporator with a blower, expansion valve, a 
condenser with a fan, valves, an engine and some pipe connectors. Two identical adsorbers 
were constructed and operated intermittently to provide continuously cooling effect. The 
working pressure of the system is below 0.1 bars and no leakage. The system was initially 
charged with 400 mL of methanoL Variation of temperature for the entire system and some 
components of the system during operational were presented by using images captured from 
thermography camera. Experiments on various pressure regulating devices revealed the 
utilization of 0.5 mm orifice tube provide the lowest cooling temperature in a shortest time 
compared to common thermal expansion valve. The experimental results showed the chilled 
air temperature at approximately 22.6 °c was produced for space cooling. The COP of 
automobile adsorption air-conditioning system was calculated to be approximately 0.19 while 
the SCP was around 396.6 Wkg-l. The conclusion drawn from the current work is that the 
adsorption technology, as prescribed in this work, is feasible and promising for automobile 
air-conditioning purpose; however, there is a need to further enhance the efficiency and the 





REKA BENTUK, PEMBINAAN DAN KAJIAN TERHADAP SISTEM PENYAMAN 
UDARA JENIS PENJERAPAN MENGGUNAKAN HABA EKZOS KENDERAAN 
ABSTRAK 
Sistem penyaman udara jenis penjerapan dengan menggunakan kuasa haba terbuang dan 
suria dapat mengurangkan penggunaan bahan-bahan yang boleh menyebabkan penipisan 
ozon seperti chlorofluorocarbons (CFCs) dan hydro-chlorofluorocarbons (HCFCs). Sejak 
kebelakangan ini, penggunaan sistem penjerapan telah menyakslkan peningkatan dalam 
pelbagai bidang kerana sistem ini adalah senyap, tahan lama, kos penyelenggaraan yang 
f , 
rendah dan tidak merosakkan alam sekitar. Dalam kerja penyelidikan ini, satu prototaip 
sistem penyaman udara jenis penjerapan yang dikhaskan untuk kenderaan telah berjaya 
dicipta dan dikaji di dalam makmal. Pasangan bahan yang digunakan untuk bertindak 
sebagai penyerap ialah karbon beraktif yang dihasilkan daripada temperung kelapa sawit 
manakala bahan yang dijerap ialah metano/. Prototaip ini terdiri daripada dua penjerap, 
satu peniup udara, sebuah kondenser dengan peniup udara, satu injap pengembangan, 
sebuah penyejat dengan kipas, beberapa buah injap kawalan, sebuah enjin empat lejang dan 
beberapa batang paip penyambung. Dua penjerap yang serupa telah direka dan dibina untuk 
memberi kesan penyejukan yang berterusan melalul kaedah pemanasan dan penyejukan .. , 
penjerap-penjerap terse but secara berselang-seli. Setiap penjerap pula mengandungi dua 
katil penyerap yang dipenuhi dengan 0.8 kg butir karbon beraktifpada setiap kati/. Tekanan 
di dalam sistem ini adalah amat rendah iaitu di bawah 0.1 bar dan sebarang kebocoran 
perlu dielakkan supaya prototaip dapat berfungsi dengan balk. Sebanyak 400 mL methanol 
telah disuntik ke dalam sistem sebeZum operasi. Perubahan suhu pada keseluruhan sistem 
dan juga pada beberapa bahagian utama slstem semasa sedang beroperasi telah 
dipersembahkan melaZul gambar-gambar yang dlperolehi dengan menggunakan sebuah 
iv 
kamera termografik. Eksperiment-eksperiment telah dijalankan untuk mengkaji beberapa 
jenis alat pengawal tekanan dan keputusan eksperiment menunjukkan bahawa penggunaan 
tiup orijis dengan diameter 0.5 mm menghasilkan suhu yang agak rendah pada masa yang 
singkat berbanding dengan penggunaan injap pengembangan suhu yang biasa. Dengan 
penggunaan injap tersebut, suhu udara yang ditiup keluar daripada penyejat adalah 
serendah 20.5 °C untuk tujuan pendinginan ruang di dalam kenderaan. Pekali perlaksanaan 
(COP) untuk sistem ini adalah sekitar 0.19 manakala kuasa penyejukan spesijik ialah 396.6 
Wkg-J• Keputusan daripada eksperiment-ekperiment menunjukkan bahawa penggunaan 
teknologi penjerapan dalam penyaman udara kenderaan boleh menjadi salah satu alternative 
yang amat baik untuk menggantikan sistem pemampat wap pada masa depan. Walau 
bagaimanapun, penambahbaikan perlu dilakukan untuk meningkatkan kecekapan dan sistem 
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In general, the automobile air-conditioning system is a combination of heater and refrigerant 
circuit. This allows the generation of the desired indoor air conditions, which is completely 
independent of the outside conditions. As a result, the air conditioning is an essential factor 
for safety and also traveling comfort. However, refrigeration and air-conditioning technology 
is required to evolve due to the new environmental regulation (Montreal protocol in 1987). 
The regulation is concerning about the depletion of the ozone layer, which decided to phase­
out chlorofluorocarbons (CFCs) and followed by hydro-chlorofluorocarbons (HCFCs). This 
trend leads to a strong demand of new systems for space cooling. Among the proposed 
cooling technologies, the adsorption cooling system has a very good potential. The 
advantages of this system are it is quiet, long lasting, cheap to maintain, non-polluting 
refrigerants and environmental friendly (Dieng & Wang, 2001). 
In the past, adsorptive processes have been widely used for catalysis and gas ,, 
separation. As adsorption technology evolved, a lot of research was carried out (especially in 
China, United State of America, and Japan) to study the application of this technology for 
space cooling and refrigeration (Boubakri et aI., 2000; Douss & Meunier, 1989; El Fadar et 
al., 2009; Endo & Komori, 2005; Grenier et al., 1998; Jiangzhou et al. 2005; Lemmini & 
Errougani, 2005; Li & Wu, 2009; Pons & Guileminot, 1986; Wang, 2001a; Xia et al. 2009) . 
According to ASHRAE (1972), adsorption cooling system is one of the potential thermal 
refrigeration methods. The possibility of using waste heat and solar energy to power the 
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adsorption system will make them as the most environmental friendly cooling alternative 
from every aspect; including ozone depletion potential, global warming potential and primary 
energy consumption. Thus, adsorption system can be a good alternative to conventional 
vapor-compression machines in the future. 
Adsorption refrigeration cycle powered by solar energy or waste heat exhausted from 
engines has been successfully used for ice making and cold production. For example, solar 
adsorption ice maker (Boubakri et al., 2000; Lu et al., 2006), zeolite-water solar cold storage 
system (Lu et al., 2003), carbon-ammonia solar refrigerator for vaccine cooling (Critoph, 
1994)., and a silica gel-water adsorption refrigeration cycle driven by waste heat of near-
ambient temperature have been reported by Saha et al. (2001). Dieng and Wang (2001) have 
stimulated several theoretical and experimental studies on adsorption cooling systems. They 
also gave useful guidelines regarding the designs parameters of adsorbent bed reactors, and 
the applicability of solar adsorption for both air-conditioning and refrigeration purposes. 
1.2 History of Air-conditioning 
,, , 
A long time ago, the ancient Romans were known to circulate water through the walls of 
certain houses in order to cool them. However, only the wealthy could afford such a luxury 
cooling as this sort of water usage was expensive at that time. In 1820, British scientist and 
inventor Michael Faraday have discovered that by compressing and liquefying ammonia 
could chill air when the liquefied ammonia was allowed to evaporate. Dr. John Gorrie, a 
physician from Florida in 1842, has utilized compressor technology to create ice for cooling 





regulate the temperature of the buildings. In 1851, he was granted a patent for his ice-making 
machine although his prototype leaked and performed irregularly. Unfortunately, his hopes 
for its success vanished when his chief financial backer died. Dr. Gorrie died impoverished 
in 1855 and the idea of air conditioning faded away for 50 years. 
The early commercial applications of air conditioning were manufactured to cool air 
for industrial processing rather than personal comfort. In 1902, Willis Haviland Carrier was 
invented the first modem electrical air conditioning. His invention was designed to improve 
the manufacturing process control in a printing plant by controlling not only the temperature 
but also the humidity. In this case, the low heat and humidity were needed to help maintain 
consistent paper dimensions and ink alignment. As technology evolved over time, air 
conditioning is used to improve comfort in residential houses and also in automobiles. 
Normally, these air conditioners employed ammonia, propane and methyl chloride as a 
refrigerant. 
In 1928, Thomas Midgley, Jr. created the first chlorofluorocarbon gas known as 
Freon. This refrigerant is safe but was later found to be harmful to the atmosphere's ozone 
layer. In general, "Freon" is a trade name of Dupont for any Chlorofluorocarbon (CFC), 
Hydrogenated CFC (HCFC), or Hydrofluorocarbon (HFC) refrigerants. HCFC known as R­
22 is the most commonly used in direct-expansion comfort cooling. Several non-ozone 
depleting refrigerants have been developed as alternatives, such as R-4lOA. R-41OA also 
known by the brand name as "Puron". As evolvement in air conditioning technologies 
continue, recent emphasis is on energy efficiency and also for improving indoor air quality. 
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1.3 Issue of Conventional Refrigerants 
Chlorofluorocarbons (CFCs) and hydro-chlorofluorocarbons (HCFCs) refrigerants were 
dominated the refrigeration and air-conditioning market before the Montreal Protocol was 
adopted in 1987. The popularity of fluorocarbons used in refrigeration and air-conditioning 
system is based on three important properties they present, which are: 
• good compatibility with the component materials in the system, 
• zero flammability, and 
• low toxicity. 
151On October 2000, a new European Commission regulation on ozone layer 
depleting substances, Regulation 2037/2000, was implemented (Papadopoulos et ai., 2003). 
This regulation treats the whole spectrum of control and phase-out schedule (as shown in 
Table 1) for all ozone depleting substances, especially for CFCs and HCFCs. As a result, this 
regulation will enforce the penetration of either alternative refrigerants or alternative 
refrigeration technologies. 
Although there are various types of new refrigerants in the market that have been 
specifically developed to address the phase out of CFCs and HCFCs, only five important 
global refrigerant options remain for the vapor compression cycle. These refrigerants are: 
• hydro fluorocarbons (HFCs, HFC-blends with 400 and 500 number designation), 
• hydrocarbons and blends (HCs, e.g. HC-290, HC-600, HC-600a etc.), 
• ammonia (R-717), 
• carbon dioxide (C02, R-744), and 
• water (R-718). 
4 
Table 1: Timetable for refrigerant phase-out in the European Union (Papadopoulos et al., 2003). 
Date Remarks 
11112001 • CFCs banned for servicing and maintaining existing system 
• Recovered CFCs must be destroyed 
• HCFCs banned in new systems above 100 kW cooling capacity 
1/7/2002 • HCFCs banned in new systems below 100 kW cooling capacity 
• 15% cut in supply of new HCFCs 
11112003 • 55% cut in supply of new HCFCs 
111/2004 • HCFCs banned in new reversible and heat pump systems 
• 70% cut in supply of new HCFCs 
1/1/2008 	 • Review the alternatives for HCFCs (Ban on HCFCs for servicing and 
maintaining existing systems might be brought forward) 
• 75% cut in supply of new HCFCs 
111/2010 • Virgin HCFCs banned for maintaining and servicing existing systems 
• Total ban on supply of new HCFCs 
11112015 • All HCFCs banned for maintaining and servicing existing systems 
However, none of these refrigerants is perfect. For instance, HFCs have relatively 
high global warming potential (GWP) and ammonia is more toxic than the other options. 
Besides, both ammonia and hydrocarbons are also flammable. The existing legislation on 
ozone depleting substances has placed an increasing pressure on the CFC and HCFC end 
users to start using alternative fluids and technologies. This has resulted in the extended use 
of HFCs, which are highly attractive for cooling applications. The favorable properties that 
make HFCs a popular alternative are they have zero flammability and also low toxicity. 
Furthermore, they also have zero ozone depletion potential (ODP). The disadvantage of 
HFCs is they have a significant global warming potential (GWP), which is typically in the 




1.4 Objective of the Research 
In order to achieve an air-conditioning system that can be operated with free energy such as 
waste heat or solar energy, adsorption cooling system could be one of a good alternatives. 
Based on the literatures, extensive research has been performed on adsorption refrigeration, 
but research on the application of this technology for automobile air-conditioning purposes is 
still rare. The aim of this research is to utilize the waste heat from engine exhaust gas to run 
the adsorption cooling system. A novel laboratory prototype of exhaust heat-driven 
adsorption air-conditioning system was designed, built and tested in laboratory to examine 
the replacement of conventional vapor compression air-conditioning system in automobile. 
The hypothesis of this research is the adsorption cooling system powered by waste 
heat can be employed in automobile air-conditioning to provide the cooling needed. Below 
stated the objectives for the current research work. 
1. 	 To carry out fundamental study on the adsorption cooling technology and the 
feasibility of applying this technology for automobile air-conditioning application. 
2. 	 To carry out a comprehensive study to select the suitable combination of working pair 
and components of the prototype for optimum cooling effect. 
3. 	 To design and fabricate the adsorbers (thermal compressors). 
4. 	 To integrate the system components. 
6 
5. 	 To conduct test run of the prototype in laboratory and do necessary modifications for 
achieving the required cooling effect. 
6. 	 To observe the heat distributions profile in the system by using a thermography 
camera to capture the images before and during operations. 
1.5 	 Organization of the Thesis 
This thesis is organized in six associated chapters. Chapter 2 covered the theoretical 
background, which includes the conventional vapor-compression system, principle of 
adsorption and comparison between adsorption cooling system and vapor compression 
system. 
Chapter 3 focused on the literature review related to the current research work, where 
previous works done by other researchers are presented. 
Chapter 4 discussed the methodology and experimental setup employed m this 
research work. Description for the hardware used is also included. 
Chapter 5 presented the results obtained from the experiments conducted in graphical 




Conclusions of the current research work are then presented in the last chapter. 




! CHAPTER 2 
THEORETICAL BACKGROUND 
2.1 Conventional Vapor-compression System 
The conventional vapor-compression cycle is used in most household refrigerators and air-
conditioning units. In this cycle, heat is transferred from a lower temperature source to a 
higher temperature heat sink. As a result, work is required to move heat from cold to hot due 
to second law of thermodynamics. Figure 1 provides a schematic diagram of a typical vapor-




Cold air \=J ~ \=J Warm rur 
Expansion 
valve 
Figure 1: Single stage vapor-compression cycle. 
Refrigeration cycle commonly employs an electric motor to drive the compressor. 
However in an automobile application, the compressor is usually driven by a belt connected 
to a pulley on the engine's crankshaft. It is used to create pressure differences between two 
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compartments and actively pump the refrigerant around. Refrigerant is pumped into low in 
both pressure and temperature compartment (evaporator coil), which causes the refrigerant to 
evaporate into a vapor and absorbing heat with it. While in another compartment, the 
refrigerant vapor is compressed to form high in both pressure and temperature vapor. The 
vapor is then forced through another heat exchange coil (condenser) and condense into a 
liquid by rejecting the heat previously absorbed from the cooled space. The heat exchanger in 
this compartment is often cooled by a fan blowing outside air through it. 
Figure 2 shows the current air-conditioning system employed in automobile. The 
main features of this system are: 
• 	 clutch actuated compressor that hard mounted to the engine with belt driven, 
• 	 direct expansion evaporator located in the heating/cooling system interior aIr 
ductwork, 
• 	 fin-tube condenser is the most commonly used and other alternatives such as 
serpentine flat tube and fin and parallel flow flat tube and fin are also adopted (in 
order to obtain the most effective cooling airflow, the condenser is located at the front 
of the radiator), 
• 	 an expansion device (range from orifice tubes to thermostatic expansion valves) is 
used to control the flow of liquid refrigerant from the condenser to the evaporator, and 
• 	 numerous mechanical fittings are used, such as O-rings and gaskets, to interconnect 
the major system components and tubing (the joins location could cause potential 











Front of Car 
Figure 2: Conventional automobile air-conditioning system (Bede, 2005). 
• 	 flexible rubber hoses are used to connect the compressor to the rest of the system 




2.1.1 Typical components in vapor-compression system 
The components that usually found in conventional vapor-compression air-conditioning 
system used in automobile are the mechanical compressor, condenser, evaporator, pressure 
regulating devices, receiver-drier and accumulator. 
2.1.1.1 Compressor 
Compressor (as shown in Figure 3) is commonly referred to as the heart of the system, which 
is usually powered by a belt driven pump that is fastened to the engine for compressing and 
transferring refrigerant gas. Typically, the air-conditioning system is split into two sides, a 
high pressure side (defined as discharge) and a low pressure side (defined as suction). Since 
the compressor is basically just a pump, it must have a suction side and a discharge side. The 
suction side draws in refrigerant gas from the outlet of the evaporator. Once the refrigerant is 
drawn into the suction side, it is compressed and then sent to the condenser. 
Figure 3: Compressor and clutch. 
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Figure 4 shows the types of compressors commonly used in conventional mr­
conditioning system. Compressor generally can be divided into two primary categories; these 
categories are dynamic compressors and positive displacement compressors. Dynamic 
compressors are centrifugal and axial compressors, whereas positive displacement 
compressors are reciprocating and rotary compressors. 
Types of compressors 
Dynamic Positive displacement 
Double­
acting 
Liquid ring Lobe Diaphragm 
Figure 4: Types of compressors. 
Centrifugal compressors 
Centrifugal compressors are dynamic compressors. These compressors raise the pressure of 
the refrigerant by imparting velocity or dynamic energy and converting it to pressure energy 




Generally, axial-flow compressors use a series of fan-like rotating rotor blades to 
progressively compress the gasflow. Stationary stator vanes (located downstream of each 
rotor) redirect the flow onto the next set of rotor blades. These type of compressors are 
normally used in high flow applications, such as medium to large gas turbine engines. 
Reciprocating compressors 
Reciprocating compressors use pistons driven by a crankshaft and can be either stationary or 
:J portable type. The operational of these compressors can be driven by electric motors or 
r 	 internal combustion engines and can be single or multi-staged. Reciprocating compressors 
from 5 to 30 horsepower (hp) are commonly seen in automotive applications. 
Rotary screw compressors 
Rotary screw compressors use two meshed rotating positive-displacement helical-screws to 
force the gas into a smaller space. It usually used for continuous operation in commercial and 
industrial applications. Besides, this type of compressor is also used for many automobile 
engine superchargers because it is easily matched to the induction capacity of a piston engine. 
2.1.1.2 Condenser 
The condenser (as shown in Figure 5) is the area in which heat dissipation occurs. In many 
cases, the condenser has the same appearance as the radiator as these two components have 
very similar functions. The condenser is generally designed to radiate heat from the air-
conditioning system. It's usually mounted in front of the radiator. However in some cases, its 
location may differ due to aerodynamic improvements to the body of a vehicle. Besides, the 
condensers must have good air flow anytime the system is in operation. This is usually 
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accomplished by taking advantage of the existing engine's cooling fan on rear wheel drive 
vehicles. While on front wheel drive vehicles, condenser air flow is supplemented with one or 
more electric cooling fanes). When the hot compressed gasses from the compressor reach the 
inlet of the condenser, they are cooled off. As the gas cools, it condenses and exits at the 
bottom of the condenser as a high pressure liquid. 
Figure 5: Condenser 
2.1.1.3 Evaporator 
The evaporators (as shown in Figure 6) are located inside the automobile, which serves as the 
heat absorption component. Its functions are to remove heat from the automobile 
compartment and also dehumidification. The moisture contained in the air condenses on 
aluminum fins surface as the warmer air travels through the fins of the cooler evaporator coil. 
Besides, dust and pollen passing through stick to its wet surfaces and drain off to the outside. 
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In general, the ideal temperature of the evaporator is 32° Fahrenheit or 0° Celsius. 
Refrigerant enters the bottom of the evaporator as a low pressure liquid. The warm air 
passing through the evaporator fins causes the refrigerant to boil because refrigerants have 
very low boiling points. As the refrigerant begins to boil, it can absorb large amounts of heat. 
This heat is then carried off with the refrigerant to the outside of the automobile. Temperature 
and pressure regulating devices must be used to control the evaporator temperature in order to 
keep the low evaporator pressure and also to prevent evaporator from freezing. 
Figure 6: Evaporator coil. 
2.1.1.4 Pressure regulating devices 
Controlling the evaporator temperature can be accomplished by controlling refrigerant 
pressure and flow into the evaporator. The most commonly used pressure regulators are 




The orifice tube (as shown in Figure 7) is commonly used in most OM and Ford models. It is 
located in the inlet tube of the evaporator or somewhere between the outlet of the condenser 
and the inlet of the evaporator. This point can be found in a properly functioning system by 
locating the area between the outlet of the condenser and the inlet of the evaporator that 
suddenly makes the change from hot to cold. Most of the orifice tubes in use today measure 
approximately three inches in length and consist of a small brass tube, which surrounded by 
plastic and covered with a filter screen at each end. 
Figure 7: Orifice tube. 
Thermal expansion valve 
Another common refrigerant regulator is the thermal expansion valve, as shown in Figure 8. 
This type of valve can sense both temperature and pressure. It is also very efficient at 
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regulating refrigerant flow to the evaporator. This type of valve can be clogged with debris 
and may malfunction due to corrosion. 
Figure 8: Thermal expansion valve. 
2.1.1.5 Receiver-drier 
Receiver-drier (as shown in Figure 9) is used on the high side of the systems that use a 
thermal expansion valve. The primary function of the receiver-drier is to separate gas and 
liquid. The secondary purpose is to remove moisture and filter out dirt. The receiver-drier 
usually has a sight glass in the top. This sight glass is often used to charge the system. Under 
normal operating conditions, vapor bubbles should not be visible in the sight glass. The use 
of the sight glass to charge the system is not recommended in R-134a systems because 
cloudiness and oil that has separated from the refrigerant can be mistaken as bubbles. This 
type of mistake can lead to a dangerous overcharged condition. There are variations of 
receiver-driers and several different desiccant materials, such as calcium chloride and silica 
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gel, are in use. The type of desiccant is usually identified through the sticker affixed on the 
receiver-drier. 
Figure 9: Receiver-drier. 
2.1.1.6 Accumulator 
Accumulators are employed III the systems that accommodate an orifice tube to meter 
refrigerants flow into the evaporator. It is connected directly to the evaporator outlet and act 
to store excess liquid refrigerant because the introduction of liquid refrigerant into a 
compressor can do serious damage. Hence, the chief role of the accumulator is to isolate the 
compressor from any damaging liquid refrigerant. Besides, accumulators also help to remove 
debris and moisture from the cooling system. 
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2.1.1. 7 Other components 
Figure 10 shows other components that could be utilized in vapor-compressiOn alr­
conditioning system. These components are condenser fans, hoses, and aluminum pipe. 
(a) Condenser fans 
(b) Hoses and aluminum pipe 

Figure 10: Condenser fans, hoses, and aluminum pipe. 
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2.1.2 Thermodynamics analysis o(vapor-compression cycle 
The vapor-compression refrigeration system uses a circulating liquid refrigerant as the 
medium to absorb and remove heat from the space to be cooled and subsequently rejects that 
heat elsewhere. The thermodinamic properties of the vapor-compression cycle can be 




Liquid and vapor 
Entropy 
Figure 11: Temperature versus entropy diagram for a conventional 
vapor-compression cycle air-conditioning system. 
In this cycle, a circulating refrigerant (such as Freon) enters the mechanical 
compressor as a vapor at point 1. From point 1 to point 2, the vapor is compressed and exits 
from the compressor as superheated vapor. Assuming there is no heat transfer to or from the 
21 

compressor, the mass and energy rate balance for a control volume enclosing the compressor 
is given as: 
W com 
---= h2 - hI (1) 
m 
where m is the mass flow rate of the refrigerant; W com / m is the rate of power input per 
unit mass of refrigerant flowing and h is the enthalpy. 
" This superheated vapor travels through the condenser (from point 2 to point 3) to 
removes the superheat by cooling the vapor. The vapor is then travels through the remainder 
of the condenser and is condensed into a saturated liquid (between point 3 and point 4) by 
removing the additional heat at constant pressure and temperature. The rate of heat transfer 
from the refrigerant per unit mass of refrigerant flowing for a control volume enclosing the 
condenser is given as: 
(2) 
m 
Between points 4 and 5, the saturated liquid refrigerant passes through the expansion 
valve and expands to the evaporator pressure. This process is usually modeled as throttling 
process for which: 
(3) 
It causes an adiabatic flash evaporation and auto-refrigeration of a portion of the 
liquid, which results in a mixture of liquid and vapor at a lower temperature and pressure (as 
shown at point 5). The cold liquid-vapor mixture then travels through the evaporator coil and 
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is completely vaporized by cooling the warm air being blown by a fan across the coil. The 
resulting saturated refrigerant vapor returns to the compressor inlet at point 1 to complete the 
thermodynamic cycle. The mass and energy rate balances reduce to give the rate of heat 
transfer per unit mass of refrigerant flowing for a control volume enclosing the evaporator is 
given by: 
Qin = h - h (4), 1 5 
m 
i' where Qin is referred to as the refrigeration capacity. 
r 
In the vapor-compression system, the net power input is equal to the compressor 
power. Hence, the coefficient of performance (COP) of vapor-compression refrigeration 






2.2 Sorption Air-cooling Technologies 

Sorption system can be classified as closed cycle and open cycle, as illustrated in Figure 12. 

Closed cycles are referred to absorption and adsorption cycles, while open cycles are referred 








Closed cycle Open cycle 
I 
~ ~ \V 
Adsorption cycle Absorption cycle Desiccant cycle 
Figure 12: Sorption system 
2.2.1 Adsorption cycle 
An adsorption cycle for air-conditioning or refrigeration does not use any mechanical energy, 
but only heat energy. An adsorption unit usually consists of one or several adsorbers, a 
condenser, an evaporator and connected to the heat sources. The cycle is basically an 
intermittent because cold production is not continuous, where cold production proceeds only 
during part of the cycle. When there are two adsorbers in the unit, they can be operated out of 
phase and the cold production is a quasi-continuous. When all the energy required for heating 
the adsorber(s) is/are supplied by the heat source, the cycle is termed as single effect cycle. 
When there are two adsorbers or more, double effect cycle can be processed. In double effect 
cycles some heat is internally recovered between the adsorbers, which enhances the cycle 
performance. Various type of adsorption cycles have been studied extensively by Wang 
(2001 a). Typically, some of the common adsorption cycles are basic cycle, mass recovery 
cycle, continuous heat recovery cycle, thermal wave cycle, cascade multi effect cycle, and 
hybrid heating and cooling cycle. 
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2.2.1.1 Basic adsorption cycle 
Generally basic adsorption cycle can be well represented by using Clapeyron diagram, as 
shown in Figure 13. At point 1, the ideal adsorption cycle start with low pressure Ps and low 
temperature T\. The adsorbent-adsorbate inside the collector is then heated from point 1 to 
point 2 at higher pressure P3. Continue heating of the adsorbent-adsorbate from point 2 to 
point 3 will cause some adsorbate vapor to be desorbed from the collector and then 
condensed at point 4 (condenser). After that, the adsorbate in liquid form is flowed into the 
evaporator from point 4 to point 5 at lowest temperature T 5 and pressure Ps. Meanwhile, 
desorption process end when the adsorbent heated to the highest temperature at T4. 
Decreasing in temperature to T6 will cause the collector pressure dropped to Ps. The 
evaporator is then connected to the collector, where adsorption of the adsorbate vapor occurs. 
At the same time, the adsorbent is cooled from point 6 to point 1 and the cycle repeats again. 
In P 
4 2 3 
Ts - liT 
Figure 13: Ideal adsorption cycle (Clapeyron diagram). 
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2.2.1.2 Mass recovery adsorption cycle 
Mass recovery adsorption cycle is mostly operated with two adsorbent beds. At the end of 
each half cycle, one of the adsorber is hot and the other is cold. The high pressure inside the 
hot adsorber must be depressurized down to the evaporator pressure, while the cold adsorber 
in low pressure must be pressurized up to the condenser pressure. The pressurization­
depressurization process can be achieved by transferring adsorbate vapor from the hot 
adsorber to the cold adsorber via a tube connected these adsorbers. This process is also 
called as an 'internal vapor recovery process'. Mass recovery adsorption process involves 
only mass transfer and thus the process is rapid. In order to obtain a 'double effect', mass 
recovery could be initiated followed by heat recovery. 
2.2.1.3 Continuous heat recovery adsorption cycle 
Semi-continuous heat recovery cycle is mostly worked with two adsorption beds. The heat 
from the ad sorber to be cooled will transfer to the adsorber to be heated; this includes 
sensible heat as well as the heat of adsorption. In order to attain higher COP, multi-beds 
adsorption system is implemented to get more heat recovery. However, the operation of 
system will be complicated. Wang (2001b) has investigated a quasi-continuous adsorption 
refrigeration system with heat recovery as shown in Figure 14. In this system, adsorber A is 
cooled and linked to the evaporator to realize adsorption refrigeration while adsorber B is 
heated and connected to the condenser. Refrigerant in the form of liquid will flow into the 
evaporator through a flow control valve. The system is operated out of phase and the go­
between will be a short time for heat recovery process. Thermal fluid in the circuit is 
circulated between the adsorbers by using two pumps and the connection to the cooler and 











Figure 14: Schematics diagram of the two-bed heat recovery adsorption refrigeration system. 
I 
t 
2.2.1.4 Thermal wave cycle 
Thermal wave cycle is an essential process to improve the heat regenerative ratio, where a 
large temperature gradient exists along the adsorption bed. In this system, heating and 
cooling of the adsorbent beds is achieved through a heat transfer fluid such as high 
temperature oil. The system consists of two heat exchangers and two adsorbent beds, which 
are connected in series to produce a semi-continuous process. The function of the heat 
exchanger and the adsorbent bed is to create a large surface area for heat transfer with a low 
oil flow rate. 
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Figure 15 showed a typical thermal wave cycle, which consists of two phases. During 
the first phase, the fluid will retrieve heat from Adsober A in hot condition. The fluid is 
further heated at the heat exchanger and then proceeds to heat Adsorber B, which is cold. As 
the heating of the Adsorber B is continues, refrigerant is desorbs and condensed in the 
condenser. Meanwhile, Adsorber A adsorbs gas from the evaporator which provides cooling 
effect. In the second phase, Adsorber A is heated and Adsorber B is cooled in a similar way 






Figure 15: Schematic diagram of the thermal wave cycle. 
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Many researchers (Sun et at., 1997; Tierney, 2007) have been studied the thermal 
wave cycle, however, so far there is no report of a successful prototype adopting this cycle. 
The performance of the thermal wave cycle is mediocre because the system depends on a 
relatively large number of parameters, such as the flow rate of the circulating fluid, the cycle 
time, the rates ofvarious heat transfer processes, and the adsorber configuration. 
2.2.1.5 Cascading cycle 
In cascading cycle, desorption-condensation processes and evaporation-adsorption processes 
is operated at different temperature levels by using different working pairs. such as zeolite­
water/activated carbon-methanol (Douss & Meunier, 1989), or zeolite-water/silica gel­
water, etc. This cycle is usually applied when there exists a large temperature difference 
between the heat source/ambient and evaporator/refrigeration space. A high temperature heat 
source, such as boiler, is used to drive the high temperature stage adsorption refrigeration 
cycle. Meanwhile, the low temperature stage is driven by sensible heat and heat of adsorption 
obtained from high temperature stage. 
2.2.2 Absorption cycle 
Absorption cycle is a process that produced refrigeration effect through the use of fluids and 
some quantity of heat input, rather than electrical input as in the vapor compression cycle. In 
these systems, absorbent is used to circulate the refrigerant. Absorption machines are 
commercially available in the market for two basic configurations. The first configuration is 
for applications above O°C, which are mainly for air-conditioning purposes. This 
configuration usually uses lithium bromide as the absorbent and water as the refrigerant. 
Another configuration is for applications below O°C, which employ ammonia as the 
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refrigerant and water as the absorbent. Previously, intennittent absorption cycle powered by 
solar energy was used to produce cooling effect due to the fact that solar energy is an 
intennittent heat source. With the evolvement of absorption cooling technologies, continuous 
solar absorption air-conditioning systems are the preferred choice. Table 2 stated the 
advantages and disadvantages of the absorption cooling system. 
Table 2: Advantages and disadvantages of absorption cooling system. 
Advantages 	 Disadvantages 
1. 	 Require little maintenance. 1. COP is quite low. 
2. 	 The only moving part is pump and 2. Regeneration processes require high 





3. 	 No auxiliary energy is requires for 3. Heat release to the ambient is quite high. 

small system operation. 

4. 	 Low energy cost (for pump 4. The system is quite complicated, where 
employed in large system only). 	 advanced knowledge for maintenance is 
required. 
2.2.3 Desiccant cycle 
For desiccant systems, desiccants are used to remove water from the incoming air. By 
removing the moisture from air will decreased the amount of energy needed to cool the air 
and also increases the comfort level in the conditioned space. The most common used 
desiccant is silica gel, activated alumina and lithium chloride salt. Figure 16 showed an open-
cycle desiccant cooling system operating in a re-circulation mode. This system takes air from 
the building and dehumidifies it with desiccant; the air is then cools by heat exchange and 
evaporative cools prior to re-entering the room. The desiccant must be regenerated by heat, 
which can be achieved by using solar energy with solar air collector or heated air that passed 
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through the dehumidifier. Table 3 showed the advantages and disadvantages of the desiccant 
cooling system. 
OUTDOOR 






Figure 16: An open solid desiccant cycle. 
Table 3: Advantages and disadvantages of desiccant cooling system. 
Advantages 	 Disadvantages 
l. 	This system is environmentally l. Moving part in the rotor wheel of the solid 
friendly because water is commonly desiccant system requires maintenance. 
used as a working fluid. 
2. 	 Hard to achieve low temperature in the 
2. 	 Can be integrated with a ventilation humid region. 
and heating system. 
3. 	 Desiccant can be easily contaminated. 
3. 	 Heat release to the surrounding is 
quite low. 4. The overall system is quite big. 
5. Dehumidifier is needed. 
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2.3 Principle of Adsorption 
According to Ruthven (1984), adsorption (as shown in Figure 17) occurs at the surface 
interface of two phases, in which cohesive forces including electrostatic forces and hydrogen 
bonding, act between the molecules of all substances irrespective of their state of 
aggregation. The adsorbing phase is called as adsorbent, whereas the material concentrated at 
the surface of that phase is called as adsorbate. Adsorbent is the substrates that contain a lot 
of miniscule internal pores to produce a large surface area in order to increase the adsorption 
capacity. The process by which adsorbate removed from the adsorbent surface is called as 





Figure 17: Adsorption process. 
Adsorption is an exothermic process which accompanied by evolution of heat. The 
quantity of heat release during the adsorption process is largely depends on the latent heat 
and the bond energies. Adsorption normally is stronger than condensation to liquid phase. For 
instance, if an adsorbent and adsorbate in liquid form coexist separately in a closed vessel, 
transfer of the adsorbate to the adsorbent will happen in the form of vapor. As a result, the 




Adsorption processes generally can be categorized into two types; namely physical 
adsorption and chemical adsorption. Physical adsorption (physisorption) refers to the type of 
adsorption in which the forces involved are intermolecular forces or Van der Waals forces. 
Chemical adsorption, on the other hand, is the type of adsorption in which the forces involved 
are covalence or ionic forces between the adsorbing molecules and the adsorbent. Covalence 
or ionic bonding is usually greater than Van der Waals bonding and more heat is liberated 
when chemical adsorption occurred, thus the process of chemical adsorption is irreversible. 
Adsorbent usually can be restored to original states by applying heat through a desorption 
process. In general, most of the adsorption processes applicable to the thermal system or 
cooling machine mainly involve physical adsorption. In this research work, a great attention 
was on physical adsorption that is more suitable for solar air-conditioning applications. 
In physical adsorption process, the performance of the adsorbent is control by surface 
properties, for instance the surface area, size of granules, micro-pores « 2 nm) and macro-
pores (> 50 nm), crystals or in pellets. Adsorbents can be classified into two types; they are 
hydrophilic adsorbent and hydrophobic adsorbent. Hydrophilic or polar adsorbents, such as 
zeolites, silica gel and active alumina, have a special affinity to polar substances like water. 
A 
~. 
1 	 Hydrophobic adsorbents are non-polar; therefore they have more affinity to oils and gases 
than to water. Some examples of non-polar adsorbents include activated carbons, silicalites 
and polymer adsorbents. 
2.3.1 	 Adsorption eqUilibrium 
For a particular adsorbent/adsorbate system, adsorption equilibrium relation can be stated by 







Adsorption is usually described through isotherms, that is, functions which connect 
the amount of adsorbate on the adsorbent, with its pressure (if gas) or concentration (if 
liquid). Several theories have been proposed in order to describe the isotherms of an 
adsorption process, such as Henry's Law, Langmuir's approach, Gibb's theory and 
adsorption potential theory. 
Henry's Law 
This theory is only valid for an adsorption process on a uniform surface at adequately low 
concentrations. The formula for Henry's Law is: 
e P = e kc (7) 
where e is the base of the natural logarithm (also called Euler's number) and its value is 
approximately 2.7182818, p is the partial pressure of the solute above the solution, c is the 
concentration of the solute in the solution and k is the Henry's Law constant. 
Langmuir's approach 
In 1916, Irving Langmuir has published a new isotherm for gases adsorbed on solids. This 
approach is based on the kinetic equilibrium and it is used to understand the adsorption 
process on a monolayer surface. It is based on four hypotheses, these hypotheses are: 
1. the surface of the adsorbent is uniform where all the adsorption sites are equal, 
2. all adsorption occurs through the same mechanism, 




4. only a monolayer is formed at the maximum adsorption. 
However, these hypotheses are seldom true because there are always imperfections on 
the surface, the mechanism is clearly not the same for the very first molecules as for the last 
to adsorb, adsorbed molecules are not necessarily inert and also more molecules can adsorb 
on the monolayer. 
Gibb's theory 
This theory is based on the perfect gas equation, where the adsorbate is treated in microscopic 
and bi-dimensional form. 
Adsorption potential theory 
This theory is a purely thermodynamic approach and it is suitable for adsorption in micro­
porous substances. In order to analyze the adsorption process due to the presence of sub­
critical vapors in the micro-pores solids, Dubinin and Astakhov (1971) have developed the 
semi-empirical DR equation as shown below: 
(8) 
The letter E in the above equation represents the interaction energy between the solid 
and adsorbing molecule. This equation is commonly used to describe the adsorption 
isotherms of sub-critical vapors in micro-porous solids such as activated carbon and zeolite. 
Unfortunately, the DR equation does not describe well the equilibrium data when the degree 





The equilibrium of adsorption for micro-porous material with surface heterogeneity is 
well expressed by using DA (Dubinin-Astakhov) equation as shown below, where the 
exponent n describes the surface heterogeneity. This equation is sufficient for many 
engineering applications that used low-grade heat such as solar energy. 
w (9) 
2.3.2 Type of solid adsorbents 
Solid adsorbents generally can be divided into two kind; namely hydrophilic and hydrophobic 
solid adsorbents. Some of the common solid adsorbents are as shown in Figure 18. 
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2.3.2.1 Hydrophilic solid adsorbents 
Hydrophilie, from the Greek (hydro) "water" and (phi lie ) "friendship", refer to a physical 
property of a molecule that can transiently bond with water through hydrogen bonding. This 
is thermodynamically favorable, which makes these molecules soluble in water and in other 
polar solvents. Some of the common hydrophilic adsorbents used in adsorption cooling 
system are silica gel, activated alumina, zeolites and calcium chloride. 
Silica gel 
r 
Silica gel (Si02.xH20) is prepared from pure silica and retains chemically bonded with 
approximately 5% of water. Silica gel is normally used in applications under 200°C because 
it will lost its adsorption capacity if overheated. This substance is available in various pore 
sizes with the smaller pore size provides greater surface area per unit mass, which is typically 
650 m2/kg. Silica gel is widely used as a desiccant for dehumidication purposes as it has a 
large capacity for adsorbing water, especially at high vapour pressures. It is also used in the 
separation of gases and liquids. Silica gels with the pore sizes ranging from 2 nm to 3 nm 
(Type A) to 0.7 nm (Type B) are the most common used in commercial applications. Type A 




Activated alumina is aluminium oxide in a porous form prepared by dehydration of 
aluminium hydrates (mostly Ah03.3H20) to about 6% moisture level. The pore sizes of 
activated alumina are ranging from 1.5 nm to 6.0 nm with surface area between 150 m2/kg 
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and 500 m2/kg. It is generally useful as a drying agent and also adsorbent for polar organic 
substances. 
Zeolites 
Zeolites are alumino silicate minerals, which are naturally occurring. Many types of synthetic 
zeolites have been developed for special applications, such as molecular sieves (using types 
4A, SA, lOX and 13X which have been developed by the Linde Co. in U.S.A). In general, 
these substances have cavity volumes in the range of 0.05 to 0.30 cm3/g. Besides, they can be 
heated to about 500°C without damage their adsorption and regeneration properties. Type 4A 
(NaA) is used for drying and separation of hydrocarbon mixtures, while type SA (CaA) is 
used to separate paraffins and some cyclic hydrocarbons. Type lOX (CaX) and 13X (NaX) 
adsorb quite a wide range of adsorbates because of their larger diameter of inlet necks of their 
pores. 
Calcium chloride 
Calcium chloride is a very widely available adsorbent that remains solid until saturated. If 
saturated, it dissolves in water but can still be used as a low temperature liquid desiccant. 
Typically, it has good potential for use as a solid chemical adsorbent for methanol and 
ethanol vapors. 
2.3.2.2 Hydrophobic solid adsorbents 
Hydrophobe, from the Greek (hydro) "water" and (phobos) "fear", in chemistry refer to a 
physical property of a molecule that is repelled from a mass ofwater. Hydrophobic molecules 
j 




Hydrophobic molecules in water always cluster together. Some of the common used 
hydrophobic adsorbents are activated carbons, metal oxides and special developed porous 
metal hydrides. 
Activated carbons 
Activated carbon (also called as activated charcoal or activated coal) is a form of carbon that 
has been processed to make it extremely porous. Thus, activated carbon (as shown in Table 
4) has a very large surface area available for adsorption or chemical reactions. In general, one 
gram of activated carbon has a surface area more than 500 m2 due to its high degree of 
microporosity. Normally, activated carbon is produced from carbonaceous source materials 
like nutshells, wood and coal. 
Table 4: Total pore volume and surface area for some of the 
activated carbon (Ruthven, 1984). 
Type of Activated Carbon 
Coconut shell 
Bituminous coal 
Lignite coal f 
Wood (Chemically activated) 
\ 












1000 - 1150 

600 - 675 

1200 - 1600 

Activated carbons can be produced by physical reactivation and chemical reactivation 
processes. In physical reactivation process, the precursor is developed into activated carbons 




• 	 carbonization - material with carbon content is pyrolyzed at temperatures in the range 
600-900 °C with the absence of air (usually in inert atmosphere with gases like argon 
or nitrogen), and 
• 	 activation/oxidation - raw material or carbonised material is exposed to oxidizing 
atmospheres (carbon dioxide, oxygen, or steam) at temperatures above 250°C, 
usually in the temperature range of600-1200 °C. 
In chemical activation process, impregnation with chemicals such as acids 
(phosphoric acid) or bases (potassium hydroxide, sodium hydroxide or zinc chloride) and 
followed by carbonization at temperatures in the range of 450-900 °C. Chemical activation 
process is preferred over physical activation process due to the lower temperatures and 
shorter time needed for activating material. 
Many activated carbons preferentially adsorb small molecules, where iodine number 
is commonly used to characterize it performance. Iodine number is a measure of activity level 
(higher number indicates higher degree of activation) and often reported in mg/g (typical 
range 500-1200 mg/g). It is defined as the milligrams of iodine adsorbed by one gram of 
{! 
carbon. Basically, iodine number is a measure of the iodine adsorbed in the pores and, as 
such, is an indication of the pore volume available in the activated carbon of interest. 
In the market, activated carbons (as shown in Table 5) are available in many forms 
including powders, micro-porous, granulated, molecular sieves and carbon fibers. Activated 
carbon in the powdered form (15 to 25 !lm particles) is commonly used for adsorption of 
liquids. While activated carbon in granulated form (about 0.8 to 3 mm in diameter) or pellet 
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(extruded pellets of 4 to 6 mm in length) forms for air purification and gas separation. 
Activated carbon in micro-porous forms has molecular sieving ability and it is widely used 
for separation of nitrogen and oxygen in air. Meanwhile, activated carbon fibers (7 to 15 mm 
in diameter) made by carbonizing synthetic fibers (available in the forms of mats, cloth and 
fiber chips) is used for air and water purification. 
Metal oxides 
Metal oxides (including titanium oxide, zirconium oxide, and magnesium oxide) have been 
used as adsorbents for special uses involving chemisorptions. For instant cerium oxide is used 
for adsorption of fluoride in waste water. 
Specially developed porous metal hydrides 
Specially developed porous metal hydrides or PMH (containing Ni, Fe, La, AI, H) have very 
high sorption rates and heat of adsorption with hydrogen as adsorbate. These adsorbents have 
promising uses in development of metal hydride refrigeration and also heat pump systems. 
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Table 5: Various forms of acti vated carbon. 
Type Description Photo 
Granular Irregular shaped particles with sizes ranging 
from 0.2 to 5 mm. This type is used in both 
liquid and gas phase applications. 
Powder Pulverized carbon with a size 
predominantly less than 0.18mm (US Mesh 
80). These are mainly used in liquid phase 
applications and for flue gas treatment. 
Extruded Extruded and cylindrical shaped with 
diameters from 0.8 to 5 mm. These are 
mainly used for gas phase applications 
because of their low pressure drop, high 
mechanical strength and low dust content. 
Cloth Activated carbon is also available in special 
forms such as a cloth and fibers. 
Briquettes Activated carbons can be agglomerated and 
formed into a variety of briquettes. 
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2.3.3 Working pairs and their heat of adsorption 
In general, selection of an appropriate working medium is essential for the successful 
operation of an adsorption cooling system. The performance of the cooling system varies 
over a wide range by using different working pairs at different temperatures. In order to 
choose the best adsorbent for the adsorption cooling system, the following factors need to be 
consider: 
• 	 good thermal conductivity and low specific heat capacity in order to decrease the 
cycle time, 
r: 
• 	 high adsorption and desorption capacity to achieve high cooling effect, 
• 	 no chemical reaction with the adsorbate used, and 
• 	 widely available and also low cost. 
While the selected adsorbate should have the following desirable thermodynamics and 
heat transfer properties: 
• 	 high latent heat per unit volume to increase the cooling effect, 
• 	 high thermal conductivity to decrease the cycle time, 
• 	 chemically stable within the working temperature range, and 
,t'
" 1 
• 	 non-toxic and non-corrosive. 
The most common used of adsorbent and adsorbate pairs in solid adsorption system 
are zeolite and water, zeolite composites and water, silica-gel and water, activated carbon and 
ammonia, calcium chloride and methanol, and metal hydrides and hydrogen. The heat of 
adsorption of these working pairs can be determined either from adsorption isotherms method 
or through experimentally using a calorimetric method to measure the differential heat of 
43 

adsorption. Table 6 showed some of the common working pair and their differential heat of 
adsorption. 
Table 6: Some of the common working pairs and their heat of adsorption 
(Dieng & Wang, 2001). 
Heat of adsorptionAdsorbent Adsorbate 
(kJIkg) Application 
Water 2800 Not suitable for application Silica gel 




Carbon dioxide 800-1000 Natural zeolites have lower 
(Various 
Methanol 2300 - 2600 values than synthetic zeolites 
grades) 
Ammonia 4000 - 6000 
Activated Water is applicable except for 
Water 3000alumina very low operating pressures 
C2H4 1000-2000 
C2HsOH 1200 - 1400 
Charcoal Methanol 1800 -2000 React at approximate 100°C 
Water 2300 -2600 
Ammonia 2000 -2700 
Calcium 
(. CH30H Used for cooling Chloride\ 
2.3.4 Heat and mass transfer inside the adsorbent bed 
In the past, many designs of the adsorption cooling systems have been introduced, all wishing 
to improve the heat and mass transfer inside the system. Unfortunately, most of these systems 
have introduced new drawbacks and cannot fully achieve the desired results. For instance, 




adsorption cycles systems. Their investigation showed that two major resistances dominate 
the transfer of heat from the external thermal vector fluid to the adsorbent bed. 
The first resistance occurs at the metal-adsorbent interface and depends on the 
physical contact between the materials. Due to lack of contact between the adsorbent and the 
metal surface, a sudden thermal gradient is generated at the interface. This phenomenon is 
usually cause by the spheres or cylinders shape of the adsorbent particles, which do not 
provide a good contact between the metal of the adsorber and the adsorbent surface. Whereas 
the second resistance is associated with the heat transfer inside adsorbent bed and it is 
inversely proportional to the effective conductivity of the bed. Thus, low thermal 
conductivity of the adsorbent bed reduces the efficiency of the adsorption cooling system. 
For adsorption system, resistance to the mass transfer is an essential point that needs 
to be considered. Most of the composite material that is compressed at high temperatures and 
pressures will produced high porosity necessary for a good mass transfer. According to 
Tather et al. (1999), an optimum compromise should be accomplished between the high 
porosity necessary for fast vapor diffusion and the high density required for good thermal 
conductivity. 
2.3.5 Thermodynamic analysis of adsorption cycle 
In general, the operation of adsorption cycle involves the processes of isosteric heating, 
desorption, isosteric cooling and adsorption. A simple adsorption cycle indicating all the heat 






Figure 19: A simple adsorption cooling system. 
I. 
Tad _________ -'--_-'----'-........._-+____...., 

Tev ___ _L-____~~~-----~ 
i, 
s 
Figure 20: T -S diagram of an ideal adsorption single-effect system. 
Heat (Qde) is supplied to release adsorbates from the adsorbent at high temperature Tde 







condenser, where it is condensed by releasing heat (Qe) to the surrounding at temperature Te. 
When the liquid adsorbates reach the evaporator, it evaporated and heat (Qev) is adsorbed 
from the surrounding to produce cooling effect at lowest temperature Tev. During the 
adsorption process, these vapors are adsorbed back by the adsorbent by released heat (Qads) at 
temperature Tads• This cycle can be repeated by just heating and cooling of the adsorbent beds 
intermittently. 
2.3.5.1 First law ofthermodynamic 
In this analysis, the assumptions made for the specific heat and the adsorbed adsorbate 
density are those of the bulk liquid adsorbate. By applying the steady flow energy equation to 
the adsorption cycle, the energy transfers are as shown in Figure 21. 
Saturated liquid 
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Figure 21: P-T-X diagram of an adsorption cycle. 
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Adsorber 
During the desorption process, the quantity of energy need for the adsorbate vapor release 
from the adsorbent can be expressed as: 
~ = maCa~ +(mat,i -mat,de)CatI1Tat +mat,de (~-h,)+mat,dehisO (10) 
The total mass of adsorbate that charged into the system is given by: 
(11) 
Xi is the initial concentration ofadsorbate in the adsorbent, which can be expressed by 
using equilibrium state equation in functional form as: 
(12) 
The DA equation (Guilleminot et ai" 1987) relates to concentration, pressure and 
temperature is given by: 
(13) 
Evaporator 
During the adsorption cooling process, the quantity of heat transferred in the evaporator can 






The quantity of heat dissipated in the condenser when the hot refrigerant vapor condensed to 
liquid form can be expressed by: 
(15) 
2.3.6 Performance of the adsorption cycle 
The performance of the adsorption cooling system is usually evaluated by usmg two 
performance factors; these performance factors are coefficient of performance (COP) and 
specific cooling power (SCP). 
2.3.6.1 Coefficient ofPerformance 
The amount of cooling produced by an adsorption cooling system per unit heat supplied is 
usually given by the COP (Anyanwu, 2004). The COP is defined as: 






where Qev is the heat transferred during cooling and Qde is the heat used to generate cooling 
during desorption. 
2.3.6.2 Specific Cooling Power 
The SCP is defined as the ratio between the cooling production and the cycle time per unit of 





The SCP reflects the size of the system, since it relates both the mass of adsorbent and 
the cooling power. For a nominal cooling load, higher SCP values indicate the compactness 
of the system. 
2.4 	 Adsorption Cooling System versus Vapor-compression System 
As the conventional automobile air-conditioner uses shaft work of the engine to drive a 
mechanical compressor. This operation increases the engine load, which in turn will cause an 
increase in the engine operating temperature and fuel consumption. Typically, adsorption 
cycle has some features in common with the conventional vapor-compression cycle but differ 
in a few aspects. The main different between adsorption system and vapor-compression 
system is that the mechanical compressor in vapor-compression system is replaced by a 
thermally driven adsorption compressor. Hence, the ability to be driven by heat during the 
desorption process makes adsorption cycles attractive for electric energy savers. 
The other main different between these two systems is that heat source must be 
introduced in adsorption system to retrieve the refrigerant vapor from the adsorbent before 
" 	 the refrigerant enters the condenser. Waste heat, steam, natural gas or some other fuel can be 
burned to provide the heat source, and there have been practical applications of adsorption 
system using alternative energy such as solar (Li & Sumathy, 1999). Besides, adsorption 
cycle can be operational without any moving parts other than magnetic valve when fixed 
adsorbents bed is employed. This means that adsorption system is mechanically simple, low 
vibration, high reliability, and long lifetime. 
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Two or more adsorbers are needed and operated intermittently in adsorption cycle to 
produce a continuously flow of refrigerant into the evaporator, while only one mechanical 
compressor is use in vapor-compression cycle. During the operation of the continuous 
adsorption cooling system, one of the adsorber is in heating phase (regeneration) while the 
other(s) is/are in cooling phase (adsorption) and vice versa. Table 7 below summarizes the 
differences between the conventional vapor-compression system and the adsorption system. 
Table 7: General comparison between vapor-compression system and the adsorption system. 
Vapor-compression system 
• 	 Mechanical compressor is used to 
compress the refrigerant vapor between 
the evaporator and the condenser. 
• 	 Mechanical compressor is driven by the 
shaft powered by the engine. 
• 	 CFC and HCFC are usually used as 
refrigerant. 





• 	 Thermal compressor is used to adsorb 
and desorb refrigerant vapor. 
• 	 Heat sources, such as waste heat, steam, 
natural gas or some other fuel can be 
burned to operate the system. 
• 	 Water, methanol or other alternative 
clean refrigerant can be utilized. 








3.1 Adsorption System Development 
Recovery of a low-grade waste heat (65 - 100°C) using silica gel-water as a working pair in 
adsorption cooling system has been studied theoretically and experimental by Cho and Kim 
(1992). The cold generation capacity of the adsorption cooling system was 1.2 R T to produce 
chilled water at 4 - 7°C. Parametric studies carried out by Cho and Kim showed the heat 
transfer rate of the condenser was the most important factor in controlling the refrigeration 
capacity of the system. An adsorption system using a simple solar collector with an area of 20 
m2 containing 360 kg of NaX zeolite were developed by Grenier et al. (1998) for a cold 
storage plant. In their system, the net cold production during evaporation was about 1.88 
MJm-2 when the incident radiation was 17.8 MJm-2• The operation conditions were set to a 
condensation temperature of 32°C, evaporating temperature at 1 °c and the regeneration 
temperature at 118°C. The system could attain a net solar COP of 0.1 05, while its cycle COP 
was 0.38. 
The most common application of adsorption cooling system is for the production of 
ice. Li and Sumathy (1999) have presented a solar powered icemaker with activated carbon 
and methanol as a working pair by applying ideal adsorption cycle. The coefficient of 
performance (COP) of the system that can be achieved was approximately 0.1. This system 
was possible to produce about 4 - 5 kg ice per day by using a simple flat plate collector with 
an exposed area of 0.92 m2• A similar work was also carried out by Boubakri et al. (2000) on 
the two adsorptive solar-powered icemakers by using methanol-carbon as a working pair. The 
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COP of this system was about 19% with the daily ice production could reach about 11.5 
kg/m2 of collector. They also presented a solar adsorption icemaker model, which was 
validated experimentally. The model is used to study daily ice production sensitivity in 
comparison with critical physical parameters of the unit and to estimate the limits of the 
collector-condenser technology with flat plate collectors. Figure 22 showed the schematic 
diagram of the solar-powered ice-maker, which was composed of a single glassed collector-









Evaporator [ Insulation 
Ice-making tank Adsorbate 
Figure 22: Schematic diagram of a solar powered ice-maker (Li & Sumathy, 1999). 
Meanwhile, Saha et al. (2001) have proposed a new two-stage non-regenerative 
adsorption chiller design and experimental prototype. In their study, silica gel-water is used 
as the working pair. The main advantage of this prototype is its ability to utilize low 
temperature solar or waste heat (40-75°C) as the driving heat source in combination with a 
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coolant at 30°C. The COP of the two-stage chiller is 0.36 with a 55°C driving source in 
combination with a heat sink at 30°C. Patzner (2001) has disclosed a cooling method which 
uses at least one adsorber with zeolite as adsorbent and water as refrigerant. As illustrated in 
Figure 23, both containers are connected via at least one line containing a blocking valve. 
The adsorber and the evaporator each have at least one orifice and are selectively connectable 
to an over-pressure generator and a condenser. The selective separation and connection of 
individual components or component groups for carrying out regeneration and adsorption 
cycles take place in a pressure tight or vacuum-tight manner. Electrical heater can be used to 
operate this refrigerator and the capacity of this system can be extended by employing a 
number of identical adsorbers. 






Figure 23: Adsorption refrigerator invented by Patzner (2001). 
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Yong and Sumathy (2004) have established a lumped parameter model to investigate 
the performance of a solar powered adsorption air-conditioning system driven by flat-type 
solar collectors. Their simulation results indicate that the effect of overall heat transfer 
coefficient is not predominant if the cycle duration is longer. Jiangzhou et al. (2005) have 
carried out a study on locomotive driver cabin adsorption air-conditioning prototype machine 
powered by waste heat from the exhaust gas of the internal combustion engine. With zeolite­
water as the working pair, the chilled air temperature of approximately 18°C was achieved. 
Monma and Mizota (2005) have desclosed an adsorption refrigerator (as shown in 
Figure 24), where it has a refrigeration chamber, an evaporator, an adsorbent bed. The 
refrigeration chamber is composed of a thermal conductive member surrounding a periphery. 
The evaporator is arranged in an outer side surrounding the periphery of the refrigeration 
chamber. By transferring cold generated in the evaporator into the refrigeration chamber via 
the thermal conductive member composing the refrigeration chamber, the cooling range by 
the evaporator of the refrigeration chamber can be significantly enlarged. A similar 
adsorption type cooler has been invented by Hidaka et al. (2005) for cooling an object such 
as drinks in containers. 
Lu et al. (2006) have presented a study on the adsorption refrigeration under two 
different working conditions, ice-maker for fishing boat driven by exhaust gas and solar ice­
maker driven by solar water heating. In order to improve the performance of the adsorption 
refrigeration with calcium chloride-ammonia as a working pair, activated carbon has been 
distributed uniformly in the mass of calcium chloride to enhance mass transfer and uplift the 
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cooling power density. The COP and SCP of the ice-maker for fishing boat were measured to 
be 0.39 and 770.4 Wlkg, whereas 0.12 and 161.2 W/kg for solar ice-maker. 
Channel 
Ipli&i~;;;;;;;;.;;;i!lt-=-.... ~L-,.u.,'v.bent bed 
Evaporator 
Insulation layer ' Thermal conductive member 
Refrigeration chamber 
Figure 24: Adsorption refrigerator invented by Monma and Mizota (2005). 
Tierney (2007) has disclosed a theoretical investigation of a convective thermal wave 
adsorption chiller powered by low-grade heat. In his research, activated carbon-methanol was 
used as a working pair. Unfortunately, the convective thermal wave adsorption machine 
showed a poor performance and enhancement of the machine performance is very costly. 
Some of the developments in adsorption technologies are presented in Table 8. 
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Table 8: Some of the developments in adsorption technologies. 
System 	 Investigators 
Intermittent 	 Li and 
Sumathy 
(1999) 
Baubakri et al. 
(2000) 
Buchter et al. 
Vl (2003)-...l 
Lu et al. 
(2006) 
Heat recovery 	 Critoph (1994) 































Tc TE TG TA 
Performance 
SCP Ice
COP (Wkg-I} (kg} 
Remarks 
Solar heat 0.92 -6 70­ 6-13 0.1­ 4-5 Experiment 
78 0.12 
Solar heat 21­ 0.12 Experiment 
29 
Solar heat 2 0.09­ Experiment 
0.13 
Exhaust gas 0.12­ 161-770 Experiment 
and solar 0.39 
Generator 38 8.9 0.6 142 Simulation 
Boiler 0.21­ Experiment 
0.48 
Heater 24­ 6-9.9 96.8­ 0.32­ 133-151 Experiment 
29.6 106 0.4 






System 	 Investigators Working pair area 
source 	 RemarksSCP Ice(m2) Tc TE TG TA COP (Wkg-l~ ~kg) 
Thennal Sun et al. Zeolite NaX~ Heater 40 5 Simulation 
wave (1997) ammonia 
Tierney Activated Low-grade Experiment 
(2007) carbon- heat 
methanol 
Cascading 	 Douss and Zeolite-water Thenno- 35 24 1.06 Experiment 





f 3.2 Adsorbent-adsorbate Pairs of the Adsorption Cooling System 
There are several adsorbent-adsorbate working pairs for solid adsorption system. One 
common example of such solid adsorbent material is a molecular sieve, such as activated 
carbon. Other materials which exhibit this phenomenon are silica gel, alumina, zeolite, and 
some metal salts. Most new adsorbent patented in recent years are based on modification of 
existing adsorbent material by consolidating, composite, and adding metal material into the 
adsorbent to improve the heat and mass transfer, and increase the adsorption capacity. Thus, 
the system energy performance can be improved and system size can be reduced. 
3.2.1 Activated carbon and alcohol systems 
Li and Sumathy (1999) had presented a solar powered ice-maker by using basic adsorption 
cycle with activated carbon-methanol as a working pair. A simple flat-plate collector with an 
exposed area of 0.92 m2 was used to produce ice about 4 to 5 kg per day. The evaporator 
temperature was about 26°C and the solar refrigeration COP that can be achieved is about 
0.1 to 0.12. A similar research was also carried out by Pons and Guilleminot (1986), where 
the system was installed with a 6 m2 flat-plate collector and loaded with 130 kg of activated 
carbon. On sunny day, the system can produced around 30 to 35 kg of ice with COP about 
f;: 	 0.12. Meunier (1988) had also carried out experimental investigations on adsorption machine, 
which employed activated carbon-methanol as a working pair. The observations reported by 
them were similar to that disclosed by Pons and Guilleminot (1986). 
El-Sharkawy et al. (2008) have been experimentally investigated the adsorption 
equilibrium uptake of ethanol onto a highly porous activated carbon based adsorbent 
(Maxsorb III) by using a thermo-gravimetric analyzer (TGA) unit over adsorption 




equation has been used to correlate the experimental data and isosteric heat of adsorption is 
estimated by using the Clausius-Clapeyron equation. Experimental results show that 
Maxsorb III can adsorb up to 1.2 kg of ethanol per kilogram of adsorbent. Besides, they also 
claimed the Maxsorb III-ethanol adsorption cycle can achieve a specific cooling effect of 
about 420 kJ kg-1 at an evaporator temperature of 7°C along with a heat source of 
temperature 80°C. 
3.2.2 Zeolite and water systems 
( 	 Meunier (1988) had analyzed the zeolite and water pair system and he found that the COP of 
the adsorption system was depends largely on the condensation temperature, followed by 
evaporation temperature and then regeneration temperature. The combination of zeolite and 
water has been used extensively for open type desiccant cooling systems (Srivastava & 
Eames, 1997). In addition, attempt has been made by Zhu et al. (1996) to polymerize zeolites 
in order to increase its thermal conductivity without the loss of adsorption properties. Grenier 
et al. (1998) had developed a system for a cold storage plant by using a solar collector with 
an area of 20 m2, which containing 360 kg of NaX zeolite. The operation conditions of the 
system were set to a regeneration temperature at 118°C, condensation temperature at 32°C 
and evaporating temperature at 1°C. The system can obtain a COP of about 0.38. Itabashi et 
al. (2005) have disclosed an adsorbent comprising zeolite which exhibits a large moisture 
adsorption at ordinary temperature under a relatively low partial pressure of water vapor and 
a small moisture adsorption at a relatively low regeneration temperature. This adsorbent is 
produced by ion-exchanging an exchangeable cat ion in a zeolite. It is then heat-treating the 
cat ion-exchanged zeolite in an air or nitrogen stream, or with steam. 
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3.2.3 Zeolite composites and water systems 
Composite adsorbents made from highly conductive carbon with metallic foams of zeolites 
has been investigate by Guilleminot et al. (1993), where the thermal conductivities of these 
composites were improved by about 100 times. Meanwhile, similar composite adsorbents of 
zeolite and expanded natural graphite were reported by Pons et al. (1996) in their 
experimental investigation for a regenerative thermal wave system. The COP of the system is 
about 0.9 was achieved. 
3.2.4 Silica-gel and water systems 
Since 1980s, a lot of research was carried out on silica-gel and water systems especially in 
Japan. Sakoda and Suzuki (1986) have achieved a COP of about 0.2 with a solar collector 
500 x 500 x 50 mm3 depth. The system was packed with 1 kg of silica-gel particles and also 
1.5 kg of distilled water in the evaporator. On the other hand, Dieng and Wang (2001) had 
developed a solar powered refrigeration system with a 0.25 m2 flat plate collector. In their 
system, the evaporating temperature was about 5 °c when regeneration temperature was 100 
°c and the condensation temperature was around 35°C. Chang et al. (2005) have discussed 
the effects of silica gel thickness on the metal substrate and also heat transfer performance of 
I 
(I 	 the silica gel-coated bed. Their experimental results showed the thinner consolidated layer 
made of larger silica gel particles could get a better mass transfer performance of the system. 
3.2.5 Activated carbon and ammonia systems 
In California Institute of Technology, Jones (1993) has developed a thermal wave 
regeneration system using activated carbon and ammonia as a working pair. The system can 
generate 293 watts of cooling with cycle time of 6 minutes. Besides, he also reported that 
larger multi-bed systems could have a cooling COP of 1.0. Similar work was also carried out 
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f by Miles and Shelton (1996), where they have claimed to achieve a cooling COP of 0.76 with 
a two-bed system. 
3.2.6 Metal hydrides and hydrogen systems 
Alloys of metal hydrides, MmNi4.oFel.o and LaNi4.6sAlo.3, have been investigated 
experimentally by Suda (1984). He reported the increased of heat source temperature from 
393 K to 433 K caused the cooling COP to increase from 0.2 to 0.45, respectively. On the 
other hand, Nagel et al. (1984) have developed a refrigerator that employed metal hydride 
t,I powders of MmNi4.oFe1.O and LaNi4.6sAlo.3 packed with aluminum foam. The cooling
1 
generated by the metal hydride refrigerator is about 1.7 kW and cooling COP of 0.32. 
3.3 Adoption of Adsorption Cooling Technologies in Automobile 
Duran (1986) discloses an apparatus employed chemisorptions principle as a vehicle air-
conditioner. Chemisorptions are the type of adsorption in which the forces involved are 
covalence or ionic forces between the adsorbing molecules and the adsorbent. The drawback 
of such system is that very high temperature is needed during regeneration process to release 
) the adsorbate. A preliminary study has been carried out by Suzuki (1993) to elucidate the 
technological limits associated with the application of adsorption cooling systems to 
1 
automobiles. The working pair used in the study was zeolite-water and exhaust heat as the 
thermal energy input to the system. Suzuki study showed that a cooling capacity of 2800 
Wkg-1 per one unit of adsorbent bed is expected if the heat transfer characteristic (UA) of 100 
kWm-3K-! could be achieved and adsorption/desorption cycles of 60 s - 60 s could be 
adopted. However, the author just did some simulations study and no experimental work 





:r Aceves (1996) has carried out an experimental analysis of the applicability of an 
adsorption system for electric vehicle air conditioning, as shown in Figure 25. The COP of 
the system (with zeolite and water as a working pair) was approximately 0.28. His studies 
indicated that conventional compression air conditioners were superior to adsorption systems 
due to their higher COP and are more compact. The drawback of using zeolite-water as a 
working pair is that a very low operating pressure is needed. Meanwhile, Bhatti et al. (1996) 
discloses the use of zeolite to dehumidify the air by using desiccant wheel. This wheel 
consists of two sections; the first section dehumidified the air before supply to the evaporator 
of the conventional compression air-conditioning system while regeneration of the saturated 
zeolite by using heated air is take place in another section simultaneously. Unfortunately, 
these systems are not currently installed in commercial vehicles due to its high cost and also 
size. 
Pump Pump 
AirBed Valve Valve 
,------,Adsorbent coolercooler I---iX~-I Condenser I-l)CCf---i Evaporatorand heat andand 
exchanger fan 
Figure 25: Schematic diagram ofadsorption air-conditioning system for 
electric vehicle by Aceves (1996). 
Sato et al. (1997) discloses a multiple-stage adsorption air-conditioning system for 
vehicle. They also reveal that two or more adsorbers are utilized during adsorption and 
regeneration processes, respectively. Although the efficiency of the multiple-stage adsorption 
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system improved, the size of the system also increased and thus adds complexity to its control 
system. Denniston (1997) has disclosed dehumidification systems to dehumidification and 
humidification of air prior to its entry into the vehicle interior. In addition, he also discloses 
various bed configurations to dehumidify the air and regeneration the bed by utilizing heat 
from the engine. The application of electric heating element to regenerate the adsorbent was 
disclosed by Kirol and Rockenfeller (1995) and Tanaka et al. (1998). Although their system 
may be effective during regeneration process, the utilization of electric heating element adds 
complexity to the adsorption system. This is because the heating element must be properly 
J mounted to the adsorbent bed in order to create a better heat transfer between the adsorbent 
and the heating element. Besides, a proper wiring is needed. 
Meanwhile, Tan and Wang (1999) have presented the structural characteristics of the 
adsorption air conditioning system driven by exhausted gas in automobiles. They found that 
the heat pipe effect is apparent in isosteric heating and isosteric cooling stages, which can 
greatly enhance the heat transfer effectiveness. They also discussed several factors that 
influence the performance of the system, such as working conditions and physical 
characteristics of adsorbent. Besides, they concluded that by enhancing the effective thermal 
conductivity of the absorber and decreasing the contact resistance are the key technologies in 
this system. In our research for the prototype, no heat pipe was utilized. Zhang (2000) has 
described an experimental intermittent adsorption cooling system driven by the waste heat of 
a diesel engine. Zeolite 13X-water is used as the working pair and a finned double-tube heat 





Wang et al. (2001) have reported an adsorption air conditioning for a bus driven by 
using waste heat from exhausted gases. The working pair for this system is activated carbon-
ammonia with the cooling power of2.58 kW and COP 0.16. The design configuration of the 
overall system was shown in Figure 26, which consisted of two adsorbers. The activated 
carbon is pressurized to the density of about 900 kg/m3 in order to fill more adsorbent into the 
adsorber. The total weight of the two adsorbers is about 248 kg and occupied about 1.0 m2• 

















Figure 26: Schematic diagram of an adsorption air conditioner for buses driven by the 
waste heat from exhausted gases by Wang et al. (2001). 
Nagatomo et al. (2004a) have described a vehicular adsorption type air-conditioner 
capable of enhancing the heat radiation perfonnance of an outdoor unit and enhancing the 
cooling capacity. The outdoor unit is installed on a vehicle roof top. Much more fresh air not 
affected by exhaust heat from an engine or the ground heat is allowed to flow in the outdoor 
unit. Thus, the temperature of liquid refrigerant passing through the outdoor unit can be 
dropped and the cooling capacity of the vehicular adsorption type air-conditioner can be 
enhanced. As a continuation part, Nagatomo et al. (2004b) have disclosed a method for 
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, saving the water feeding power based on the temperature of cooling liquid and heat transfer 
fluid in the vehicular adsorption type air-conditioner. The air-conditioner comprises a fourth 
pump to allow cooling water heated by an engine to flow into a desorption step of an 
adsorber. First and second pumps drive second heat transfer fluid cooled by an outdoor unit 
to flow into an adsorption step of the adsorber. A third pump drive third heating transfer fluid 
cooled by the evaporator to flow into an indoor unit. Water temperature sensors detect 
temperature of the second heat transfer medium and the third heat transfer fluid. The first to 
fourth pumps are controlled to adjust the water feeding power based on temperature 
[~ 	 information detected by the water temperature sensors. However, the utilization of pumps in 
vehicular adsorption type air-conditioner adds the complexity of the system and also caused 
system malfunction due to pump failure. 
Lu et al. 	(2004) have presented experimental studies on the practical performance of 
an adsorption air conditioning system powered by exhausted heat from a diesel locomotive. 
The system (as shown in Figure 27) was incorporates with one adsorbent bed and utilizes 
zeolite-water as a working pair to provide chilled water for conditioning the air in the driver's 
cab of the locomotive. Their experimental results showed that the adsorption system is 
technically feasible and can be applied for space air conditioning. Under typical running 
conditions, the average refrigeration power ranging from 3.0 to 4.2 kW has been obtained. 
However, this system may not suitable to be mounted on automobile due to its size apd also 
high temperature is required during regeneration process. 
Recently, Inoue et al. (2006) have described an air-conditioner for an automotive 
vehicle as shown in Figure 24. The air-conditioner used the cooling water of internal 
combustion engine, which includes a compressive refrigerator and an adsorption type 
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Figure 27: Schematic diagram of locomotive driver cabin air-conditioner by Lu et al. (2004). 
refrigerator. The compressive refrigerator is used to control the temperature of the air to be 
blown into a passenger compartment of the vehicle. The adsorbent generates adsorption heat 
when the adsorbent adsorbs the adsorbate, and desorbs the adsorbate when the adsorbent is 
heated by coolant water from the internal combustion engine. The air to be blown into the 
passenger compartment is heated by the adsorption heat of the adsorbent, and then the air is 
cooled by evaporation latent heat of the adsorbate. 
l 
1 
On the other hand, Henning and Mittelbach (2006) discloses an adsorption heat pump 
I 	 for air-conditioning a passenger car. Their system is based on a quasi-continuous operation of 
adsorption heat pump with the used of cold and heat accumulators while no heat accumulator 
is utilized in our present invention. Table 9 below summarized some of the developments in 




Table 9: Some of the developments in automobile adsorption air-conditioning technologies. 
Investigators Heat Source Working Pairs COP Remarks 
Suzuki (1993) Exhaust heat Zeolite/water Simulation 
Aceves (1996) Electric heater Zeolite /water 0.28 Experiment 
Tan and Activated 
Exhaust heat Simulation 
Wang (1999) carbonlmethanol 
Activated 
Wang et al. (2001) Exhaust heat 0.16 Experiment
carboni ammonia 
Lu et al. (2004) Exhaust heat Zeolite /water 0.18 - 0.21 Experiment 
3.4 Current Research Work 
Air-conditioning for an automobile normally can consume a significant amount of engine 
power. The load from the air-conditioner compressor may affect both fuel efficiency and 
engine emission levels, where the operation of the air-conditioner gives a clearly perceivable 
decrease in automobile performance. In addition, the fluctuation of fossil fuel price and 
environmental concerns has again drawn our attention to the need for reliable, pollution free 
and low energy cost air cooling alternative. The technologies for adsorption refrigeration 
have been extensively studied in academic as well as industry sectors. Based on the 
literatures made in the previous sections, a large amount of patents have been filed in 
different countries around the world, which lead to substantial improvements on system COP 
and SCP, and novel applications in various area (such as solar ice-maker, cooling tower and 
electronic cooling). However, study on the application of adsorption technology for 
automobile air-conditioning purposes is still mediocre. 
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In this research work, a laboratory prototype of exhaust heat-driven adsorption air-
conditioning system for automobile has been built successfully, commissioned and laboratory 
tested. The system was consisted of two adsorbers, a blower, an evaporator with a blower, a 
condenser with a fan, orifice tube, valves and an engine. Local produce palm-derived 
activated carbon and methanol was used as a working pair, where activated carbons act as an 
adsorptive substance and methanol as refrigerant. This working pair was selected due to the 
fact that activated carbon is cheap and has high adsorptive capacity, while methanol has high 
latent heat of vaporization and low boiling point. Besides, methanol is non-toxic and zero in 
!: both ozone depletion potential (ODP) and global warming potential (GWP). 
1 
The current prototype can produced cooling effect continuously, where two identical 
adsorbers was installed and operated intermittently. In this prototype, the adsorbers act as a 
pump to circulate the methanol by desorbing (adsorber in regeneration phase) and adsorbing 
(adsorber in adsorption phase) the methanol simultaneously. An engine was used to supply 
exhaust gas to heat one of the adsorber during desorption phase. At the same time, a blower 
was used to blow air through the other adsorber to initiate adsorption phase. The properties of 
the working pair used, configuration and operational of the prototype were discussed 
thoroughly in the following chapter. 
In general, the current prototype exhibits several advantages compared to 
conventional compression-based air-conditioning system commonly used in present 
automobile. These advantages are: 
• 	 the used of exhaust heat help to decrease the carbon dioxide emISSIOn from 
combustion of the fossil fuels and also to reduce the overall operational cost as the 
engine load was decreased, 
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• 	 methanol, which has zero ozone depletion and global warming potentials was used as 
a working fluid, 
• 	 low regeneration temperature (less than 150 DC) can be used to power the system, and 
• 	 less moving parts, low maintenance cost and simple system structure make it 














1 METHODOLOGY AND EXPERIMENTAL SETUP 
I 4.1 Exhaust Heat-driven Adsorption Air-conditioning System 
The present invention provides an adsorption air-conditioning system for automobile (as 
shown in Figure 28) comprised of adsorbers, flow control module, evaporator, condenser, 
expansion valve, blowers and an engine. 
Evaporator 
ZExpansion valve 





Figure 28: Schematic diagram of the prototype. 
In this prototype, the adsorbers have the same functionality as the mechanical 
compressor in conventional vapor-compression system. However, these adsorbers contains 
adsorptive material and adsorbate as a working pair. The adsorbers are first linked to the 




then connected through the expansion valve to the evaporator, which in turn connected back 
to the adsorbers. Each associated adsorbers, flow control module, condenser, expansion valve 
and the evaporator are all in the closed loop operation (indicated with darker line) and also 
airtight. 
The engine and the blower are the input (exhaust gas and wann air) to the adsorbers 
via a flow control module during desorption and adsorption phases, respectively. The waste 
(exhaust gas and hot air) from this operation is flow out through the exhaust passage. Here, 
the engine, blower and the exhaust passage are opened loop operation (indicated with thin 
line in Figure 27) in the system. 
4.2 Working Pair 
The working pairs commonly used in adsorption cooling system include activated carbon­
methanol, zeolite-water, zeolite-ammonia and silica gel-water (Chang et al., 2005; EI­
Sharkawy et al., 2008; Itabashi et al., 2005; Li & Sumathy, 1999; Miles & Shelton; 1996). In 
this research, activated carbon-methanol was selected as a working pair for automobile 
adsorption cooling system. Activated carbon is chosen because it is locally available, low 
cost and has high adsorptive capacity, while methanol is non-toxic, friendly to the 
environment, high latent heat of vaporization and also low in boiling point. 
4.2.1 Activated carbon 
Activated carbon is a carbonaceous material with high internal porosity, which produces a 
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has been proven to have superior adsorptive capacity in liquid and gas phase applications. In 
general, 1.0 m3 of activated carbon with 0.3 m3 of internal pores can adsorb 30 m3 of gas. In 
this research work, granular (size < 3.0 mm) palm-derived activated carbon (as shown in 
Figures 29 and 30) supplied by Sarawak Carbon Sdn. Bhd. was used as the adsorbent. This 
form of activated carbon is irregular shaped particles and widely used in both liquid and gas 
phase application. The properties of the activated carbon used in this research are as stated in 
Table 10. 
Figure 29: Granular palm-derived activated carbon. 









Heat of adsorption 
Iodine number 
Total pore volume 
Surface area 
t', Moisture (% Max) 
4.2.2 Methanol 
Methanol (CH30H), which properties are 
Value 




0.5 - 0.6 mLig 
1000 1100 m 2/g 
Below 5% 
as stated in Table 11, is an alcohol fuel. It is 
colorless, tasteless liquid with a very weak odor and it also known as "wood alcohol". 
Generally, methanol is non-toxic but it is harmful when contact to skin and eye. In this 
research, methanol is used as a refrigerant instead of using CFC as in the conventional 
compression refrigeration. The boiling point for methanol is 64.50 C, which means the 
methanol is easy to vaporize from liquid form to vapor form when heat is applied to it. 






















90 torr at 20°C 
0.3 % 
4.3 Prototype Setup 
As discussed early in section 2.2, adsorption system generally can be categorized into two 
broad systems; namely intermittent adsorption system and continuous adsorption system. 
Intermittent adsorption cooling system seems not suitable to be employed in automobile 
because this system cannot provide cooling continuously as needed. Hence, continuous 
i 
I adsorption cooling system was adopted to provide cooling continuously in this research work. 
or! 
In order to produce a continuously cooling effect, two or more adsorbers must be operated 
intermittently or out of phase. In this prototype, the main components are adsorbers, engine, 1 
I 







4.3.1 Construction of the adsorbers1 
i. 
1 Adsorber is the most important and complex part in the adsorption system. For designing task i 
I 




such as way, as illustrated in Figures 31 and 32, to maximizing the quantity of activated 
carbon and also to improve the heat transfer. 
1. 	 Adsorbent bed (40 cm in length): packed with a layer of adsorbent (2.5 cm 
of thickness) by using stainless steel net with hole size of2 mm. 
2. 	 Casing: "00" shape stainless steel casing to accommodate two adsorbent 
beds. 
3. 	 Adsorbate inlet/outlet (3/8" stainless steel pipes). 
4. 	 Exhaust gas/wann air inlets. 
5. 	 Exhaust gas/wann air outlets. 

Figure 31: Design of the adsorbers with CA TIA software. 

Two identical adsorbers are constructed, where these adsorbers are operated 
intermittently or out of phase for the continuous adsorption cycle. The material used to 
fabricate the adsorber is stainless steel type 304 in order to sustain low pressure and also 
corrosive methanol. Each ad sorber consists of two adsorbent beds with an inner tube that 












1~<------------20 cm -----------)71 
1. Stainless steel netting (hole size: 2.0 mm). 
2. Stainless steel casing. 
3. Granular palm-derived activated carbon (size < 3.0 mm). 
4. Tunnel (4 cm in diameter) for exhaust gas/cooling air flow. 
5. Stainless steel fins. 
Figure 32: Cross-section of the adsorber element. 
approximately 0.8 kg of granular palm activated carbon by using stainless steel net (hole size 
= 2.0 mm). The dimensions of the adsorbent bed are 40 cm in length, 20 cm in width and 10 
cm in height. Six radial stainless steel fins that are symmetrically distributed in the adsorbent 
bed are welded to the inner tube in order to intensify heat conduction in the adsorbent bed. 
Note that the methanol vapor can be transferred to or from the adsorber via the tube located at 
one of the adsorber end, as shown in Figure 31. 
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4.3.2 Characteristics of the engine 
A four-stroke EY20-3 Subaru Robin 5.0 HP engine, as shown in Figure 33, was used to 
supply the heat source needed to power the prototype. Exhaust heat from the engine can reach 
above 150°C, which is more than enough to run the adsorption system. The maximum speed 
of the engine is 2800 rpm. 
Figure 33: Four-stroke EY20-3 Subaru Robin 5.0 HP engine. 
4.3.3 Condenser 
The condenser, as shown in Figure 34, is the type of air-finned-tube aluminum heat 
exchangers. It is the point in this system where the desorption heat was rejected from the 
adsorption cycle. In addition, the condenser was attached with a 12V DC fan to increase the 
heat rejection rate to the surrounding and thus increase the cooling effect. The main 
characteristic of the condenser is given in Table 12. 
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(a) Front view 
(b) Back view 
Figure 34: Front and back views of the condenser. 
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Table 12: Specification of the condenser. 
Description Value Unit 
Area of the fan (Ae) 0.0225 
Diameter of the fan (De) 0.21 
Length of passage 6400 mm 
Number of fins 350 
Fin thickness 0.2 mm 
Fin spacing 2.5 
Dimensions 350 x 450 x 22 
4.3.4 Evaporator 
The evaporator, as shown in Figure 35, is a hanging type of air-finned-tube aluminum heat 
exchangers. It consists of a cooling coil (1 kW), two blowers powered by a 12V DC motor 
and a motor speed controller. Table 13 stated the main characteristics of the evaporator. 






Table 13: Specification of the evaporator. 
Description 	 Value Unit 
Length of passage 1500 mm 
Number of fins 250 
Fin thickness 0.2 mm 
Fin spacing 2.5 mm 
Dimensions 300 x 100 x 80 mm3 
t 
I 
4.3.5 Other components 
Four Mindman Y2' 3-piece check valves were used to control the refrigerant flow from and to 
the adsorbers during adsorption and desorption processes. Two compound pressure gauges 
are installed to measure the pressure between the adsorber-condenser and evaporator­
adsorber, respectively. Other components installed to the system include an orifice tube and a 
few custom made aluminum connectors. 
4.3.6 Instrumentations 
~ 	 Type K thermocouples (-50°C to 900°C, 3.2 mm in diameter) are used to measure the 
temperature of evaporator, condenser and the engine. While Type K surface probe is used to 
measure the adsorber temperature. The accuracy of temperature measurement is ±0.5°C. 
Compound vacuum gauges (range: -1 to +3 bars) are mounted to the test rig for measuring 
the methanol vapor pressure between the adsorber-condenser and evaporator-adsorber. 
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4.4 Integration and Commissioning of the Prototype 
The placement and connection of the components in the test rig is as shown in Figure 36. The 
automobile adsorption cooling system consists of two adsorbers, a blower, an evaporator with 
a blower, a condenser with a fan, a reservoir, an expansion valve, 4 check valves, 3 three-way 
valves, an engine and pipe connectors. 
1. EY20-3 Subaru Robin 5.0 HP four-stroke petrol engine. 
2. Two thermal compressors packed with activated carbon. 
3. Air-finned-tube heat exchangers (condenser). 
4. Air-finned-tube hanging type evaporator. 
s. Compound vacuum gauges. 
6. 12V DC Blower. 
7. Funnel (adsorbate inlet). 
8. Check valves (control adsorbate flow). 
9. Three-way valve (control exhaust gas/cooling air flow). 
10. Pressure regulating device (orifice tube). 
11. Switch (DC power supply). 





As mentioned by Lemmini and Errougani (2005), the cooling system must be airtight 
in order for the system to work properly because the present of air in the system will affect 
the thermodynamic property of refrigerant. Thus, the prototype was checked for vacuum 
proof before it ready to be test. A Robinair vacuum pump is used to evacuate the system until 
the pressure reached below 0.1 bars. More precaution is taken to ensure no leakage occurs 
especially at the welded parts and the tubing joints. After one week of evacuation, the 
pressure showed no variations, which confirmed that system was vacuum proof. Via the 
funnel (as shown in Figure 36), the system was initially charged with 400 mL of methanol, 
even though the adsorption capacity for 1.6 kg of activated carbon in each adsorber was 
higher than the quantity of methanol charged. The justification is to prevent the adsorbent 
from saturated with methanol and thus reduce the system performance. 
4.5 Operational of the Prototype 
The automobile adsorption air-conditioner system generally works in two main phases; 
namely regeneration (desorption phase) and cooling (adsorption phase). Figures 37 and 38 
below showed the schematic diagram of the entire automobile adsorption system and it's 
operational phase, respectively. 
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Figure 37: Schematic diagram of the automobile adsorption cooling system 
( Adsorber 1 in desorption phase while Adsorber 2 in adsorption phase). 
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Figure 38: Schematic diagram ofthe automobile adsorption cooling system 






As shown in Figure 37, the adsorption cooling system is initiated when Adsorber 1 is 
heated by the exhaust gas released from the engine. At the same time, Adsorber 2 is cool by 
the blowing air from the blower. After 10 minutes of heating, the adsorber average 
temperature can reached up to 120°C. A good thermal communication between the exhaust 
heat, adsorber wall and the activated carbon could reduced the cycle time thus increased the 
system efficiency. Valves 1 and 2 are used to divert the air from blower and exhaust heat 
from the engine to the adsorbers, respectively. On the other hand, valve 3 is used to by-pass 
the exhaust heat to prevent the adsorbers from overheated. 
During the heating process, methanol is desorbed from the activated carbon and then 
pressurized the adsorber. At this moment, the check valve (Valve 4) that connected Adsorber 
1 and the condenser is automatically opened due to this pressure difference while Valve 5 is 
closed. The methanol vapor with high temperature and high pressure is transmits to the 
condenser through the aluminum pipe with diameter of 0.95 cm (3/8"). A check valve (Valve 
8) was placed at the inlet of the condenser to avoid reverse process and also to prevent 
methanol liquid accumulated inside the tube. 
I' 
I 
The type of condenser used in this system is air-finned-tube aluminum heat 
exchangers. The condenser is the point in the system, where rejection of the desorption heat 
from the adsorption cycle occurred. In order to increase heat rejection through the condenser, 
a ten blades DC fan (12 V) was utilized. When the methanol vapors touched the cool internal 
surface of the condenser, the vapors are condensed to form a high pressure liquid at lower 
temperature. This liquid methanol is then flow and stored in the reservoir. As continuously 
heating of Adsorber 1, more methanol vapors were desorbed and condensed. Consequently, 
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the pressure increased and forces the methanol liquid travel via a few meters length of 
capillary tube (Valve 9). Capillary tube based on Thompson effect is utilized for providing 
the required pressure difference to the evaporator. A filter was placed at the inlet of the 
capillary tube to prevent any dust or impurity from blocking the tube, which can cause 
malfunction of the system. 
When the high-pressure methanol liquid enters the evaporator, it vaporized 
spontaneously due to lower pressure in the evaporator. The evaporator, which serves as the 
« 
heat absorption component, is uses to remove heat from the space and also dehumidification. 
The moisture contained in the air condenses on the evaporator coil surface as the warmer air 
travels through the coil. Methanol enters the evaporator inlet as a high-pressure liquid and 
when the air passing through the evaporator causes the methanol to boil. As the methanol 
begins to boil, it can absorb large amounts of heat. This heat is then carried off with the 
adsorbate to the outside of the cooling space. The methanol vapors are then adsorbed by 
Adsorber 2 (Valve 6 closed and Valve 7 opened), which at low pressure and temperature. At 
this phase, Adsorber I became discharge side while Adsorber 2 acted as suction side in a 
closed loop operation to generate cooling in the evaporator. , 
During the second phase (as illustrated in Figure 38), exhaust gas was diverted to heat 
Adsorber 2 ( desorption phase) while Adsorber 1 (adsorption phase) was cooled by the 
blowing air. At these phases of operation, Adsorber 1 acted as suction side (Valve 4 is closed 
and Valve 6 is opened) while Adsorber 2 became discharge side (Valve 5 is opened and 
Valve 7 is closed). The temperature of Adsorber 2 increased and causes the adsorbate 




the cold air blown from the blower. The adsorbate vapors desorbed are then travel to the 
condenser and condensed. The same processes as the previous phase are repeated but now the 
adsorbate vapors from the evaporator was adsorbed by Adsorber I, which act as the suction 
side. As a result, a continuously cooling was achieved in the evaporator by merely providing 
means of heating and cooling of the adsorbers intermittently. Table 14 below shows the 
operating phases of the adsorbers per cycle. 
Table 14: Adsorbers operating phases. 
t 
Adsorber Phase 1 Phase 2 
Adsorber 1 Desorption Adsorption 
Adsorber 2 Adsorption Desorption 
The prototype was tested inside an open laboratory, where the exhaust gas was 
allowed to flow out to the surrounding. A test chamber (400 mm in length, 320 mm in height 
and 450 in width) made by using perspex was built and installed at the evaporator outlet to 
reduce the effect of the engine heat and flowing air from influence the experiment results. 
During the test run, thermocouples Type K were used to measure temperature variation of the 
evaporator, condenser and the engine. Two thermocouples were attached to the evaporator, 
one thermocouple located at the back and another one at the front of the evaporator coil, to 
measure the temperature variation of the inlet air and outlet air after blown through the 
evaporator coil. Thermocouples were also placed near the inlet and outlet of the condenser to 
determine the average condensation temperature of the methanol vapors, while another 
thermocouple was located at the exhaust outlet for measuring exhaust temperature. Besides, 







where average readings were taken. In addition, the pressures between the adsorber­
condenser and evaporator-adsorber were measured by using two compound vacuum gauges. 
A humidity meter was used to measure the variation of humidity inside the laboratory before 
and during the experiments. 
4.6 	 Scopes and Limitations 
4.6.1 	 Scopes 
The scopes of the current research work are as stated below: 
• 	 fundamental study to look into the possibility of employing adsorption cooling 
technology for automobile air-conditioning application, 
• 	 comprehensive study to determine a suitable working pair to promote the desired 
cooling effect, 
• 	 design, built and test run of the novel prototype in laboratory, 
• 	 observation of the heat distributions profile through images captured by using a 
thermography camera, and 
• 	 evaluation of the system performance by the calculation of COP and SCPo 
4.6.2 	 Limitations 
There are some limitations with the current research work as listed below: 
• 	 experimental data (temperature and pressure) was collected and analyzed manually 
since no data acquisition unit was available to obtain the data automatically, 
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• 	 improper insulation of the test chamber and uncontrollable surrounding temperature 
could cause the measurement of the chilled air temperature slightly higher, thus lower 
cooling effect was generated, 
• 	 low temperature gradient between the exhaust gas and the adsorber could increase the 
cycle time and eventually reduce the system performance, and 
• 	 the novel prototype built was only tested in laboratory and some modifications are 
needed (especially to the control system) before it can be installed to a typical 






RESULTS AND DISCUSSIONS 
5.1 Operational Conditions 
A series of experiments have been carried out in order to determine the optimum operating 
conditions (in particular pressure and temperature) for the automobile adsorption air­
conditioning system. Table 15 below stated the optimum operating conditions while Figure 
39 presented a simple T -S diagram of the system. 
Table 15: Operational conditions of the system. 
Pressure (Bar) Average Temperature (OC) 
Desorption 0.43 120 
Adsorption 0.09 40 
Condenser 0.25 35 
Ambient 1.01 28 
The T -S diagram showed various operating temperature level for the adsorption and 
desorption processes at around 40°C and 120°C. In the condenser, condensation for heat 
rejection occurred at around 35°C with the ambient temperature around 28 DC. Cooling less 
than 10°C could be achieved in the evaporator, where the air from the blower was chilled and 
then supplied to cool the required space. 
5.1.1 Variation of temperature in the system 
With these experimental operating conditions, the system was run to show the variation of 
temperatures in each part of the system. F or this purpose, a thermography unit 
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Figure 39: Simple T-S diagram ofthe automobile adsorption system. 
(ThermaCam™ P65 from FUR SYSTEMTM) was used to capture images while the system 
was in operation. ThermaCam™ QuickView software version 1.3 was then used to display 
and analyze the images. 
5.1.1.1 Entire system 
Figures 40 showed the variation of temperature for the entire system before operation where 
the system was initially at around 29°C. Meanwhile, the variation of temperature for the 
entire system during operation was shown in Figure 41. Based on this figure, the temperature 
for some of the system components could easily reach above 100°C during operation. Figure 
42 showed the temperature variation of the exhaust pipes during desorption phase of 
Adsorber 2 and adsorption phase of Adsorber 1. 
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Figure 40: Temperature variation of the entire system before operation. 
Figure 41: Temperature variation of the entire system during operation. 
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Figure 42: Temperature variation of the exhaust pipe during operation. 
5.1.1.2 Adsorbers 
The variation of temperature for the adsorbers outer during operation was shown in Figure 43 
below. In this figure, the Adsorber 2 was in desorption phase while Adsorber I was in 
adsorption phase. During the desorption phase, the adsorber was heated by the exhaust heat to 
an average temperature of 125°C. At the same time, the other adsorber was cooled by the 
blowing air and adsorb methanol vapor from the evaporator. 
5.1.1.3 Condenser 
Figure 44 showed the variation of temperature for the condenser. The condenser inlet 
temperature was higher (38°C to 40°C) compared to its outlet at near to ambient temperature 














surrounding was quite satisfactory as the temperature dropped drastically from the condenser 
inlet to it outlet. 
5.1.1.4 Evaporator 
The variation of temperature for the evaporator during cooling period was shown in Figure 
45. Meanwhile, Figure 46 showed the temperature variation at the inlet and outlet of the 
evaporator. This figure showed the evaporator outlet was at a very low temperature compared 
to the inlet part, which proved that there was cooling generated. 
Figure 45: Temperature variation of the evaporator during operation. 
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Figure 46: Temperature variation of the evaporator inlet and outlet. 
5.2 Experiments on Various Types of Pressure Regulating Devices 
In this system, the cooling generated in the evaporator was manipulated by the pressure 
regulator used. The function of the pressure regulator is to control refrigerant pressure and it 
flow into the evaporator. Two common types of pressure regulating devices were tested in 
this research work to determine the most suitable valve that could provide the lowest cooling 
temperature in a shortest time. These devices are thermal expansion valve and 2.0 m of 
orifice tubes (orifice size: 0.3 mm, 0.4 mm, 0.5 mm and 0.6 mm). The initial ambient 
temperature during all the experiments was controlled around 28°C with the initial relative 
humidity of around 85 %. The data gather was then presented in graphical form for 
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Figure 47: Cooling generated with various types of pressure regulating devices. 
This figure showed the trend of the cooling coil temperature over time for the first 
half cycle of the adsorption process during startup operation. Based on the figure, the cooling 
coil temperature was initiated around 28°C and only showed a slight decreased in 
temperature during the first few minutes. The cooling generated in the cooling coil by using 
thermal expansion valve was the least compared to orifice tubes. The size of orifice tube 
influenced the cooling generated and also the time needed to start cooling. Between the four 
types of orifice tubes; 0.3 mm orifice tubes produced the highest cooling effect but took the 
longest time whereas 0.6 mm orifice tube produced the lowest cooling effect in shortest time. 
In order to increase the system efficiency, the cooling produce must be highest and the time 
taken to achieve this cooling must also be shortest. As a result, 0.5 mm orifice tube was 
preferable for the adsorption cooling system to compensate between the cooling and cycle 
time required. During the operations, the relative humidity was decreased to about 60 %. 
5.3 Experiments on Variation of Temperature during Cooling Operation 
Figure 48 showed the variation oftemperatures with the employment of a 0.5 mm orifice tube 
for the first 20 minutes of startup operation. In this figure, the temperatures of ambient, 
cooling coil and chilled air were plotted over time to show their variation during the 
adsorption cooling. Based on the figure, only a slight increment in the ambient temperature 
due to the heat generated by the engine. While the cooling coil temperature decreased 
drastically during the first 13 minutes and remain stable around 10°C. The ambient air was 
blown through the cooling coil where heat rejection occurred and chilled the air to 
approximately 21 °C. The chilled air was then blown to cool the required space. The initial 
relative humidity during the experiment is around 85 % and dropped to around 60 % as the 
experiment carried on. 
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On the other hand, Figure 49 showed the temperature variations of the cooling coil 
and the cooling space after the system was in steady state operation. The cycle time of the 
continuous adsorption process with two adsorbers was set to approximately 20 minutes, 
where the desorption and adsoption phases was around 10 minutes. In this figure, about two 
complete adsorption cycles were plotted to compare the chilled air temperature with the 
cooling generated in the cooling coil. In addition, Figures 50 and 51 showed the temperature 
variation of the cooling coil and the chilled air for five sets of data collected under the same 
operational condition. Based on these experimental results, the average temperature of the 
cooling coil was around 11.4 °c with the temperature range from 9.5 °c to 14.7 DC. While the 
temperature range of the chilled air was fluctuated between 20.7 °c to 25.2 °c with an 
average temperature of 22.6 DC. 
During the transition period of the desorption and adsorption phases, the cooling coil 
temperature was increased drastically (indicated as peaks in the figures) due to less of 
adsorbate flow into the evaporator. However, the cooling coil temperature started to decrease 
slowly when the adsorbate vapors released from Adsorber 1 (desorption phase) were 
condensed in the condenser and reached the evaporator. Cooling effect was generated when 
• 	 the adsorbate in liquid form change to gas form via the 0.5 mm orifice tube and adsorb heat 
from the surrounding. Simultaneously, Adsorber 2 (adsorption phase) adsorbs the adsorbate 
vapor from the evaporator. After every 10 minutes (half cycle) of operation, the exhaust gas 
was diverted to heat Adsorber 2 (alter to desorption phase) while Adsorber 1 (alter to 
adsorption phase) was cold by the blower. The same processes are repeated and a 
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Figure 49: Variation of temperatures for the cooling coil and cooling space during operation. 
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Figure 50: Variation of temperatures for the cooling coiL 
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Figure 51: Variation of temperatures for the chilled air. 
5.4 Performance of the Prototype 
The operating design temperatures of the adsorption air-conditioning system from the 
experiment conducted in section 5.3 were as stated in Table 16. 
Table 16: Operating design temperatures. 
Temperature 
K 
Evaporator (Tev) 10 283 
Desorption (T de) 120 393 
Ambient (Tam) 28 301 
The initial temperatures of the adsorber and the evaporator are about 28.2 °c (301.2 
K) and 27.9 °c (300.9 K), respectively. As mentioned earlier in subsection 2.3.7, the 
calculation of the system COP is as follow: 




Table 17 below stated the parameters used to calculate the SCP value of the 




Table 17: Parameters used to calculate SCPo 
Description Value Unit 
1Average air velocity (vev) 3.2 ms­
2
Area of the blowers (Aev) 0.02075 m 
Average air temperature entering (Tev1) 30.5 °c 
Average air temperature leaving (Tev2) 22.6 °c 
Density of air (da) 1.2 kgm-
3 
Specific heat capacity of air (Ca) 1.008 kJkg-10C-
1 
Mass of activated carbon in each adsorber (rna) 1.6 kg 
Mass flow rate of air flowing past the evaporator, ffiev = vevAevda 
0.07968 kgs-1 
The rate of heat absorbed by the evaporator, Qev = ffievCa(Tev2 - Tev1) 
= 634.51 W 
Therefore, the calculation of the system SCP (as mentioned in subsection 2.3.7) is as 
follow: 
= 396.6 Wkg- I 
From the above calculations, the COP and SCP of the prototype were approximately 
0.19 and 396.6 Wkg-1 of adsorbent, respectively. The SCP has showed a good improvement 
compared to the previous work done by other researchers, as discussed in section 3.1. 
However, the performance evaluation of the current prototype was lower compared to the 
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conventional vapor-compression system due to some limitations. As there was no data 
acquisition unit available, all the experimental data was collected manually. Thus, a slight 
delay between the data gathers could be occurred. Improper insulation of the test chamber 
could cause some heat from the surrounding affect the temperature of the evaporator coil and 
chilled air. As a result, the calculation of the cooling effect generated became less accurate. 
Moreover, the heat transfer rate from the exhaust gas to the ad sorber during desorption phase 
was slowed due to low temperature gradient. This could cause the cycle time of the 




CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK 
6.1 Conclusions 
In this research work, a prototype of exhaust heat-driven adsorption air-conditioning system 
for automobile has been built successfully, commissioned and laboratory tested. The system 
consists of two adsorbers operated intermittently, a blower, an evaporator with a blower, a 
condenser with a fan, orifice tube, valves and an engine. Local produce palm-derived 
• 
activated carbon and methanol was used as a working pair, where activated carbons act as an 
adsorptive substance and methanol as refrigerant. This working pair was selected due to the 
fact that activated carbon is cheap and has high adsorption capacity, while methanol has high 
latent heat of vaporization and low boiling point. Besides, methanol is non-toxic and zero in 
both ozone depletion potential (ODP) and global warming potential (GWP). 
The prototype built can generate cooling effect continuously, where two identical 
adsorbers were installed and operated intermittently. In this system, the adsorbers act as a 
pump to circulate the methanol by desorbing (adsorber in heating phase) and adsorbing 
• 
(adsorber in cooling phase) the methanol simultaneously. A four-stroke EY20-3 Subaru 
Robin 5.0 HP was used to supply exhaust heat to heat one of the adsorber during desorption 
phase. At the same time, a blower was used to blow air through the other ad sorber to initiate 
adsorption phase. A series of experiments were carried out to determine the optimum 
operating conditions for the prototype, where the regeneration temperature at 120°C, 
adsorption temperature at 40°C and the condensation temperature at 35 °c. A thermography 





temperature variation while the prototype was in operation. The images were then displayed 
and analyzed by using ThermaCam TM QuickView software version 1.3. From the images 
captured, the system was initially at room temperature « 29 °C). The temperature variation 
for some components can easily reach above 100 °c after the system was in operation for a 
while. 
Two common types of pressure regulating devices were tested in order to achieve 
lowest cooling temperature in a shortest time. These devices are thermal expansion valve and 
orifice tubes with the orifice size of 0.3 mm, 0.4 mm, 0.5 mm and 0.6 mm. The cooling 
generated with thermal expansion valve found to be less compared to orifice tubes. Among 
the four sizes of orifice tube; the smallest size produced the highest cooling effect but took 
the longest time whereas the biggest size produced lowest cooling effect in shortest time. In 
order to increase the system efficiency, orifice tube with size 0.5 mm is preferable for the 
system to compensate between the cooling generated and the cycle time required. The cycle 
time of the system is set to approximately 20 minutes, where the desorption and adsoption 
phases is around 10 minutes. The average chilled air temperature that can be achieved was 
around 22.6 °c when the average cooling coil temperature was around 11.4 °c. The COP and 
SCP of the prototype were calculated to be approximately 0.19 and 396.6 Wkg"l of adsorbent, 
respectively. 
From the experimental results, it showed that adsorption technologies are promising 
and could be a good alternative to replace conventional vapor-compression system in 
automobile. However, the efficiency of this system seems to be lower compared to the 





limitations are a slight delay between the data gathers as the experimental data was collected 
manually, lower cooling effect due to improper insulation of the test chamber and also low 
temperature gradient between the exhaust gas and the adsorber could caused the cycle time of 
the adsorption process increased. The invention of the exhaust heat-driven adsorption air­
conditioning system for automobile was filed for a Malaysia patent through Universiti 
Malaysia Sarawak (UNIMAS). The patent application number is PI 20081641. Following are 
the conclusions drawn for this research work. 
1. 	 Literature review showed the adsorption cooling technology has been used in a wide 
range of applications, where large amounts of patents have been filed on cogeneration, 
solar energy utilization, as well as in other applications. However, the adoption of 
adsorption technology in automobile air-conditioning is still rare and further research 
is needed to improve the performance of the adsorption cycle by an innovative design 
of the adsorption system. 
2. 	 Granular palm-derived activated carbon and methanol is suitable for automobile air­
conditioning application because this working pair required low regeneration 
temperature « 150°C). Activated carbon has a high adsorption capacity, locally 
available and low cost, while methanol is non-toxic, environmentally friendly, high 
latent heat of vaporization and low in boiling point. The main component of this 
system is the ad sorber, which act as a thermal compressor. Other components are the 







3. 	 Two identical adsorbers were designed and fabricated, where each adsorber consists 
of two adsorbent beds. Each adsorbent bed was packed with approximately 0.8 kg of 
granular palm activated carbon. Six radial stainless steel fins were used to intensify 
heat conduction in each adsorbent bed. 
4. 	 The laboratory prototype was successfully integrated and commissioned to promote 
continuously cooling effect. 
5. 	 The prototype has been tested in laboratory with the system COP approximately 0.19 
and the SCP is 396.6 Wkg- I of adsorbent. 
6. 	 The thermography images showed clearly the temperature variation of the entire 
system and its components. The ambient temperature during the test run was around 
30°C, while the adsorber temperature can reached above 100°C. 
6.2 	 Recommendations for Future Work 
As for future work, there are some recommendations suggested (as listed below) to improve 
the efficiency of automobile adsorption air-conditioning system. 
1. 	 Application of heat pipe technology can be considered to improve the heat transfer 
inside the adsorbers, which could increase the system efficiency. Further study should 
be carried out to use this technology with increased reliability. The drawback of this 




2. 	 Investigation should be conducted to enhance the heat transfer inside the adsorbent 
bed by considering the coating technology. However, the employment of coated 
adsorber will cause a high ratio between the metal mass and the adsorbent mass. 
Hence, investigation should also focus on optimizing the coating thickness in order to 
increase the system COP and to build a compact system. 
3. 	 A new adsorption air-conditioner prototype should be built and install in a typical 
automobile to replace the existing vapor-compression air-conditioner. Testing of the
• 
prototype in real environment is essential to prove that this system is robust enough to 
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